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ABSTRACT 
EFFECTS OF FERTILIZATION AND DRYING CONDITIONS ON 
THE QUALITY OF SELECTED CHINESE MEDICINAL PLANTS 
 
SEPTEMBER 2019 
 
ZOË E. GARDNER, B.S., LESLEY UNIVERSITY   
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Lyle E. Craker 
 
 
Demand for Chinese medicinal herbs in the U.S. is increasing and American 
acupuncturists and farmers are interested in domestic production of these plants.  Little is known 
about the feasibility of production of these species outside of China.  Four species of herbs were 
selected for cultivation trials.  The purposes of this research were to evaluate the feasibility of 
cultivation of these species in the northeastern United States, to develop basic agronomic data for 
each species, and to determine the effects of nitrogen fertilizer on plant growth, yield, and 
secondary metabolites. Agastache rugosa, Schizonepeta tenuifolia, Leonurus japonicus, and 
Leonurus sibiricus were grown in a randomized complete block design with 0, 100, or 200 kg/ha 
of nitrogen (N). At 100 kg/ha of N, a significant increase in yield of all species was observed as 
compared to the 0 kg/ha control. Yields of A. rugosa and both Leonurus species increased 
significantly again at 200 kg/ha of N as compared to 100 kg/ha, while the increase in yield 
between these two levels was slight for S. tenuifolia.  Amendment with 100 or 200 kg/ha of N 
significantly increased concentration of the alkaloid leonurine in Leonurus plant material as 
compared to the untreated control.  L. sibiricus had higher concentrations of leonurine at all levels 
of treatment than L. heterophyllus.  At 200 kg/ha of N, L. sibiricus had leonurine levels that were 
similar to commercial samples produced in China.  No significant effects of N on essential oil 
content of A. rugosa or S. tenuifolia were observed. Drying temperature significantly affected the 
vii 
quantity of essential oil in A. rugosa or S. tenuifolia, with significant losses of essential oil 
occurring at 60 and 71 ºC and retention of essential oil occurring at 38 and 49 ºC. This study 
demonstrated that the selected species may be produced in the northeastern United States and that 
amendment with N has a positive effect on plant yields and in some cases on the active 
compounds in the dried plant material.  
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CHAPTER 1 
INTRODUCTION  
1.1 Background  
With an increasing demand by American consumers for complementary medicine, 
acupuncture and Oriental medicine (AOM) practitioners belong to the fastest growing profession 
within complementary medicine (Austin et al. 2015).  AOM practitioners frequently prescribe 
herbal formulas, nearly all of which are imported from China (Craker and Giblette 2002; Tindle 
et al. 2005).   While the great majority of the imported material is safe for consumption, 
contamination with pesticides and heavy metals and overuse of preservatives (i.e. sulfur dioxide) 
remains a problem in some imported medicinal herbs (Wong et al. 1993; Ernst 2002).  Increasing 
soil and water pollution in China will cause further challenges to sourcing clean and 
uncontaminated Chinese herbs (Lu et al. 2015).  Imported plant material is often discolored, 
suggesting long storage times and inappropriate post-harvest handling or storage conditions, 
sometimes leading to a decrease in therapeutic activity.   Examination of domestically-produced 
plant material from growers in New York and in California suggests that domestic production can 
significantly increase the sensory qualities, and perhaps the therapeutic effects, of some Chinese 
medicinal herbs available to practitioners in the U.S. (Giblette 2008a; Schaffer 2011).  Providing 
access to fresh plant material may also expand the number of herbal medicinal substances 
available to practitioners, as fresh plant material of some species (i.e., ginger, Zingiber officinale 
Roscoe) is recognized to have different chemical composition and medicinal properties than dried 
plant material of the same species (Chen and Chen 2004).  Domestic production of these herbs 
can provide a significant increase in supply chain transparency and traceability, affording a better 
understanding of where and how the herbs are produced.   
In addition to providing safer and more efficacious products to consumers, domestic 
production of Chinese medicinal plants may benefit growers by providing new crops, many of 
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which are easy to grow, may grow on marginal land, and require only one harvest per season.  
While growers and AOM practitioners have indicated a strong interest in domestic production of 
Chinese medicinal plants, and while some growers have had success cultivating some species, 
information on production and processing methods is extremely limited (Giblette 2008a).  Basic 
production information such as propagation methods, plant spacing, nutrient requirements, soil 
preferences, time to harvest, and disease and pest control are lacking.  Additionally, nearly all 
plants must be dried prior to sale, and information on basic and optimal drying methods is 
needed.   
Four species of Chinese medicinal plants were selected as the subject of this research.  
Criteria for selection included adaptability to the Massachusetts climate, prevalence of use by 
AOM professionals, time to harvest (single season vs. multiple seasons), and processing 
requirements.  Based on these criteria, Agastache rugosa (Fischer & C. Meyer) Kuntze, 
Schizonepeta tenuifolia Bentham, Leonurus japonicus Houtt (syn. Leonurus heterophyllus 
Sweet), and Leonurus sibiricus L. (syn. Leonurus manshuricus Yabe; L. sibiricus var. grandiflora 
Bentham), all members of the Lamiaceae family, were selected.  
1.2 Literature Review  
1.2.1 Production and Market for TCM Herbs in the U.S.   
A survey of acupuncture licensing boards in the U.S. indicated that in 2015, 
approximately 34,000 acupuncturists were licensed, a significant increase in the number of 
acupuncturists from 23,000 in 2004 and 28,000 in 2009, representing an average increase of 
about 1,266 per year. The states that had the majority of the licensed acupuncturists were 
California (32.39%), New York (11.89%), and Florida (7.06%) (Fan and Faggert 2018).   
Of the nearly 12,800 species of plants, animals, and fungi used medicinally in China, 
approximately 400 species of plants are cultivated, with the rest being collected from the wild 
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(Zhang et al. 2010).  Research on appropriate cultivation practices is limited, as many of the 
techniques used for cultivation have been developed over time, with techniques passed down 
through family lineages (Foster and Chongxi 1992).  Within China, herbs may be cultivated 
successfully in a number of regions, with certain regions traditionally recognized to be the source 
of the highest quality material of a particular species (Chen and Chen 2004; Zhang et al. 2010; 
Zhao et al. 2012). The term “daodi” is used to describe medicinal material that is produced in a 
specific geographic region with specific environmental conditions, utilizing particular attention to 
cultivation technique, harvesting, and processing. Material produced in this way is recognized to 
be of the highest quality and have clinical effects that surpass those of same herb produced in 
other regions.  Approximately 200 of the 500 herbs commonly used in TCM are recognized as 
having daodi medicinal material specifications (Zhao et al. 2012).  
Outside of China, interest has been increasing in the cultivation of plant species used in 
TCM.  Pilot studies on cultivation of TCM plants in Germany have been conducted, with the 
financial support of the German government (Bomme et al. 2007; Heuberger et al. 2010).  In the 
U.S. growers and agronomists have experimented with cultivation of a number of species in 
places such as northern California, Alabama, North Carolina, and New Mexico (Giblette and 
Martin 2007; Giblette 2008a; Giblette 2009; Schaffer 2011; Shannon et al. 2014).  Several farms 
in the U.S. and Canada supply seeds of TCM plants to supply the growing demand for such 
materials in the U.S. (i.e. Chinese Medicinal Herb Farm, Petaluma, CA; High Falls Gardens, 
Philmont, NY; Horizon Herbs, Williams, Oregon; Johnny’s Selected Seeds, Winslow, ME; 
Richters Herbs, Goodwood, ON).  A number of species frequently used in TCM are commonly 
used as ornamentals in the U.S., such as Paeonia lactiflora Pall., Belamcanda chinensis (L.) DC, 
Ligustrum lucidum Ait., and Platycodon grandiflorum (Jacq.) A. DC. Varieties of these plants 
selected for ornamental characteristics are not be considered suitable for medicinal use, but the 
cultivation and propagation information gathered from ornamental varieties may be applied to 
medicinal varieties.   Other species used in TCM have naturalized in the U.S., with certain species 
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becoming invasive, including Pueraria lobata (Willd.) Ohwi, Lonicera japonica Thunb, and 
Reynoutria japonica Houtt. (syn. Polygonum cuspidatum Sieb. et Zucc.). While domestic 
production of TCM plants is unlikely to replace the need for material from China, a number of 
species could be produced domestically and such production could help to provide clean and 
fresh material for use within the U.S.    
1.2.2  Effects of Nitrogen on Secondary Metabolites in Plants  
Many secondary metabolites found in plants have evolved to assist in the defense of 
plants against attack by pathogens and feeding by herbivores (Bennett and Wallsgrove 1994).   As 
growth and self-defense are both essential for the survival and reproduction of wild species, 
plants have evolved to use available nutrients to take care of these essential tasks.  In this context, 
secondary metabolites may be partitioned into two categories, carbon-based compounds (e.g. 
terpenoids and phenolic compounds) and nitrogen-based compounds (e.g. alkaloids and 
cyanogenic glycosides) (Harborne 1994).  While photosynthesis generally supplies a more than 
adequate amount of precursors for carbon-containing compounds, the production of nitrogen-
based depends on the availability of nitrogen and competes with protein synthesis for compound 
precursors (Harborne 1994).  The cost of synthesis for alkaloids has been estimated at 5 g of 
photosynthetic CO2 per gram of product, as compared to 2.6 g of photosynthetic CO2 per gram of 
phenolic compounds (Gulmon and Mooney 1986).  
For alkaloid-containing plants, increased nitrogen levels generally lead to increased 
alkaloid content (Johnson et al. 1989; Al-Humaid 2004).  Datura (Datura inoxia Mill.) plants 
treated with 0 to 800 kg/ha of a standard fertilizer (N,P,K) were observed to have increased levels 
of the alkaloids hyoscyamine and scopolamine at fertilizer rates up to 600 kg/ha, with reduced 
rates of these compounds at higher levels (Al-Humaid 2004).  In giant pinwheel flower 
(Tabernaemontana pachysiphon Stapf), low nutrient supply resulted in higher proportions of leaf 
nitrogen being allocated to alkaloids than at moderate or high nutrient supply (Höft et al. 1996). 
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Studies on essential oil plants indicate differing effects of fertilizers and nutrient 
deficiencies on essential oil production.  Research on sage brush (Artemisia tridentata Nutt.) 
indicates that plants given limited amount of nitrogen produce higher concentrations of terpene 
compounds than plants given adequate nitrogen.  Higher terpene content in low-nitrogen plants 
reduced herbivory by grasshoppers as compared to the increase in herbivory and biomass 
observed in plants given adequate nitrogen (Johnson and Lincoln 1991). Conversely, nitrogen 
fertilization at rates up to 300 kg/ha increased yield of leaf essential oil in basil (Ocimum 
basilicum L.) due to an increase in both leaf essential oil concentration and leaf biomass (Sifola 
and Barbieri 2006). Similar results have been observed for Mexican marigold (Tagetes minuta L.) 
(Omidbaigi et al. 2008) and palmarosa (Cymbopogon martini [Roxb.] Will. Watson) (Rao 2001; 
Rao et al. 2009). 
Concentrations of the essential oil constituent linalool in two different genotypes of basil 
were also increased by the addition of chicken manure while the yield of essential oil was 
unchanged (Luz et al. 2009). In mint species (Mentha x piperita L. and Mentha arvensis L.), an 
increase in essential oil yield was observed with increasing fertilizer (N,P,K) levels, while no 
significant changes in the composition of essential oil were observed (Zheljazkov and Margina 
1996; Jeliazkova et al. 1997; Zheljazkov et al. 2010). In lavender (Lavandula anugustifolia Mill.), 
nitrogen applied at five different levels did not affect the essential oil yield (Chrysargyris et al. 
2016). 
1.2.3  Drying Temperature  
Dehydration is a common and effective preservation method for medicinal and culinary 
plants that increases the shelf life of the final product by slowing the growth of microorganisms 
and preventing certain biochemical reactions that may alter the chemical composition of the plant 
material (Díaz-Maroto et al. 2003). Dehydration of herbs can be performed using different 
methods. Natural drying and oven drying are still the most commonly used drying methods due to 
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their lower cost as compared to other methods such as freeze drying (Soysal and Öztekin 2001; 
Soysal 2004). Natural drying is a simple and low cost way to dehydrate plants, but carries some 
risk in the northeastern U.S., including susceptibility to changes in humidity and weather, and 
related variability of the drying process (Soysal and Öztekin 2001). Oven drying provides 
consistency of temperature and airflow while requiring energy input a relatively high equipment 
cost as compared to natural drying (Soysal 2004). 
Drying temperature has been shown to have an effect on the yield of essential oil or 
selected volatile compounds in several aromatic crops.  Drying temperatures studied generally 
range from air drying at 20 oC (ambient temp) through 90 oC.  In Mentha x piperita dried at 30, 
50, or 70 oC, a temperature-related decrease in essential oil content was observed, with 30 oC 
providing the highest yield of essential oil (Rohloff et al. 2005).  Similar temperature-related 
decreases in essential oil yield were observed in Ocimum basilicum L., with essential oil content 
highest in fresh leaves, lower in leaves dried at 40 or 50 oC and lowest in leaves dried at 60 or 70 
oC (Carvalho-Filho et al. 2006; Soares et al. 2007).  A study on two varieties of Artemisia 
dracunculus L. designated “French” and “Russian” dried at 45, 60, or 90 oC, demonstrated that 
essential oil yield was lowest at 60 oC for both varieties.  For the French variety, essential oil 
yield was highest at 90 oC, lower at 45 oC, and lowest at 60 oC, while in the Russian variety, the 
highest yield was in material dried at 45 oC, with lower yields from drying at 90 oC and 60 oC, 
respectively (Arabhosseini et al. 2006).   
In addition to the relative quantity of essential oil be affected by drying temperatures, the 
composition of the oil may also be affected.  For example, drying of Mentha spicata at ambient 
temperature, in the oven at 45 oC, or at two different freeze drying temperatures resulted in 
significant differences in aroma perception (Diaz-Maroto et al. 2003).  The concentration of 
carvone, the predominant compound in the essential oil, was highest in the air dried material, 
followed by oven dried at 45 oC, fresh, freeze dried at -18 oC, with a significant difference in the 
material freeze dried at -198 oC.  Limonene and 1,8 cineol were quantified together and showed 
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the most significant differences between treatments, with the highest concentrations in the air 
dried material, followed by oven dried, freeze dried at -18 oC, fresh, and freeze dried at -198 oC 
(Diaz-Maroto et al. 2003).  For Mentha longifolia, some compounds were observed in the 
essential oil of oven-dried (40 oC) material that were not identified in fresh or sun-dried material.  
These included limonene, terpinolene, aromadendrene, germacrene A, and other compounds.  
Similarly, pulegone and menthone were found in significant amounts in fresh material or material 
dried in the sun or shade, but was not found in oven-dried material (Asekun et al. 2007).  A study 
of the oil components of Laurus nobilis found that oxygenated monoterpenes (esp. 1,8-cineole) 
increased significantly with air drying and decreased with oven drying (45 oC) as compared to 
fresh plant material. Sesquiterpene hydrocarbons (esp. valencene) increased significantly from 
fresh material with air drying and increased non-significantly with oven drying (Sellami et al. 
2011).   
 
1.2.4 Species Investigated 
Agastache rugosa (Fischer & C. Meyer) Kuntze 
English common name: Korean mint 
Pin yin name: tǔ huò xiāng 
Botanical drug name: Agastache herba 
Family: Lamiaceae  
Life cycle: Perennial 
Species distribution: China, Japan, Korea 
 
Agastache rugosa (Fischer & C. Meyer) Kuntze is an upright plant that grows 0.5 to 1.5 
m tall, with stems 7 to 8 mm in diameter. Petioles are 1.5 to 3.5 cm. Leaf blades are cordate-ovate 
to oblong-lanceolate, 4.5 to 11 by 3 to 6.5 cm, with a cordate or rarely cuneate base, serrate 
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margins, and a caudate-acuminate apex (Figure 1). Flower spikes are compact, cylindric, 2.5 to 
12 by 1.8 to 2.5 cm.  Floral leaves are lanceolate-linear, less than 5 by 1 to 2 mm basally and 2 to 
3 mm apically. The calyces are purplish or purple-red, tubular-obconical, 8 by 2 mm.  The plant 
flowers June through September and fruits from September through November (FOC 2010). A. 
rugosa grows in light to medium loamy, well-drained soils and full sun.  
Aerial portions of the plant are harvested when the plant is in full flower.  Good quality 
material consists of thick stems and branches with many leaves, an intense aroma, and a green 
color (Bensky et al. 2004).   
In TCM terms, Agastache rugosa releases the exterior, transforms dampness, harmonizes 
the middle, and alleviates nausea.  The herb is considered an alternate (a plant with similar 
therapeutic properties that may be substituted in herbal formulas for the more commonly used 
species) to Pogostemon cablin (Blanco) Benth.  Both herbs are referred to as huo xiang, although 
A. rugosa is sometimes called tu huo xiang, and both are considered interchangeable by U.S.-
based distributors of Chinese botanicals.  
In vitro studies have confirmed anti-fungal activity (including synergistic enhancement of 
ketoconazole) and inhibition of HIV integrase and type-1 protease by extracts of A. rugosa (Kim 
et al. 1999; Lam et al. 2000; Shin and Kang 2003; Shin and Pyun 2004).  
A. rugosa contains 1 to 3 percent of a volatile oil that consists of over 80% estragole 
(methyl chavicol), with limonene (0.7-10.6%), eugenol (1.4-1.9%), β-caryophyllene (0.77-
1.91%), anisaldehyde, and p-methoxy cinnamaldehyde (Ahn and Yang 1991; Charles et al. 1991; 
Weyerstahl et al. 1992; Wilson et al. 1992; Chae et al. 2005).  
 
Schizonepeta tenuifolia Bentham 
English common name: Japanese catnip 
Pin yin name: jīng jiè 
Botanical drug name: Schizonepeta flos 
  9 
Family: Lamiaceae  
Life cycle: Annual  
Species distribution: throughout China (temperate to tropical) 
 
Schizonepeta tenuifolia Bentham is an annual upright herb that grows 30 to 100 cm tall 
and is much branched with sparsely gray pubescent stems. Leaves are deeply lobed and have 1 to 
3.5 by 1.5 to 2.5 cm blades with lanceolate lobes, 1.5 to 4 mm wide, with middle lobe largest, the 
margin entire, and the apex acute (Figure 1).  The 2 to 13 cm long lavender-colored flower spikes 
are borne on the terminal end of the branches.  The plant flowers July to September and sets seed 
August to October (FOC 2010).  In the wild, S. tenuifolia grows in sloping forest margins and 
valleys at an elevation of 500 to 2700 m. 
 
The flowers are harvested in full bloom.  Good quality material consists of strongly 
aromatic, light green, long, dense flower spikes (Bensky et al. 2004). 
 
In TCM terms, Schizonepeta tenuifolia is used to release the exterior and dispel wind.  
Specific physiological indications are colds (dried herb), measles and pruritic skin eruptions 
(dried herb), and to stop bleeding (carbonized herb).  Both the dried flower spikes and the 
carbonized flower spikes (produced by frying the spikes over a hot flame or baking at 210 oC 
until the herb turns black) are used, with the carbonized being used primarily as a hemostatic in 
cases of hemorrhage, bloody stool, and excessive menstrual bleeding (Bensky et al. 2004).  
Animal and in vitro studies have confirmed antihistamine, antipruritic, antimicrobial, and 
hemostatic activity of the herb.  
 
S. tenuifolia contains approximately 0.5 to 1.8 % of a volatile oil that consists primarily 
of menthone, pulegone, and a small amount of d-limonene (Fung and Lau 2002).  Other 
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significant classes of compounds are flavonoids, monoterpene glycosides, and phenolic acids 
(Bensky et al. 2004; Chen and Chen 2004).   The chemical profile of S. tenuifolia is similar to that 
of Mentha pulegium L.  
 
Leonurus japonicus Houtt (syn. L heterophyllus Sweet.), Leonurus sibiricus L.  
English common names: Chinese motherwort, Siberian motherwort 
Pin yin name: yì mŭ căo (L. japonicus) and yì mŭ căo  or xì yè yì mŭ căo (L. sibiricus) 
Botanical drug name: Leonuri herba 
Family: Lamiaceae  
Life cycle: Biennial  
Species distribution: throughout China (temperate to tropical) into Mongolia and Russia 
 
Leonurus japonicus Houtt (syn. L. heterophyllus Sweet), Leonurus sibiricus L. are 
botanically very similar, with minor morphological differences between the species observable in 
the leaves and flowers.  Both species are upright biennial herbs. In the first year, the plants form a 
rosette of leaves while in the second year, the plants grow flowering stalks 20 to 120 cm tall 
(Figure 1). The leaves have 3 to 7 lobes with entire leaf margins, incised, or 3-lobed. Flowers are 
borne in long spikes with subulate or spinescent bracteoles that may be rigid or flaccid. The 
calyces are obconical or tubular-campanulate, 5-veined, and obscurely 2-lipped.  The corolla is 
white with reddish to purplish spots. The botanical key in the Flora of China notes that L. 
japonicus may be identified as having “lobules of leaves more than 3 mm wide; floral leaves 
entire or rarely few dentate; corolla 1-1.2 cm; lower lip ca. as long as upper lip; calyx appressed 
puberulent” while L. sibiricus may be recognized by  having “lobules of leaves 1-3 mm wide, 
linear; floral leaves conspicuously 3-partite, lobules linear; corolla ca. 1.8 cm; lower lip ca. 3/4 as 
long as upper lip; calyx densely pilose especially at middle” (FOC 2010).  
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The leaves of the first year plants or aboveground parts of second year plants are used 
medicinally.  If harvested in the second year of growth, the plant is harvested in full flower.  
Good quality material consists of tender plants with many gray-green leaves (Bensky et al. 2004). 
While L. japonicus is listed at the primary species used, L. sibiricus is considered an appropriate 
substitute.  
In TCM terms, Leonurus species invigorate the blood, dispel blood stasis, regulate 
menstruation, facilitate urination, and resolve toxicity (Bensky et al. 2004).  Recent animal and in 
vitro studies have confirmed antiproliferative and antibacterial activity, antagonism of the platelet 
activating factor (PAF) receptor (PAF is a phospholipid activator and mediator of multiple 
effects, including platelet aggregation, inflammation, and anaphylaxis), and therapeutic effects in 
myocardial ischemia (Lee et al. 1991; Ha et al. 1997; Chinwala et al. 2003; Zhu et al. 2004; 
YoungHwa 2005; Ahmed et al. 2006; Hang-Ching et al. 2007; Tan et al. 2017; Zhu et al. 2018).  
Human studies have shown that injectable preparations of Leonurus spp. may be successfully 
used to treat acute ischemic stroke (Xu et al. 2002) and in postpartum hemorrhage (Liu et al. 
2015; Tan et al. 2017).   
The major known ingredients in Leonurus species include the alkaloids leonurine, 
stachydrine, leonuridine, and leonurinine; the phenylpropanoid eugenol; the monoterpenoid p-
menthan-3-ol, (1R,3R,4R)-form; the diterpenoids isoleosibirin, (+)-leosibricin, leosibirin, and 
preleoheterin; the tetraterpenoids violaxanthin, and zeaxanthin; the sesquiterpenoids chamazulene 
and isokobusone; and the saponin pomolic acid 28-O-β-D-glucopyranosyl ester (Bensky et al. 
2004; Zhu et al. 2004).  Leonurine and stachydrine have been the focus of much of the bioactivity 
research done on Leonurus species (Zhang et al. 2018).  
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1.3 Figures  
Figure 1. Species utilized for research, shown at two months after planting 
(A) Agastache rugosa, (B) Schizonepeta tenuifolia, (C) Leonurus japonicus, (D) 
Leonurus sibiricus.  
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CHAPTER 2 
YIELD AND EFFECTS OF ORGANIC NITROGEN FERTILIZER ON FIELD-
GROWN CHINESE MEDICINAL PLANTS IN THE UNITED STATES 
2.1 Introduction 
With an increasing demand by American consumers for complementary medicine, 
acupuncture and Oriental medicine (AOM) practitioners belong to one of the fastest growing 
professions within healthcare.  AOM practitioners frequently prescribe herbal formulas, and 
nearly all of the ingredients for these formulas are imported from Asia (Craker and Giblette 2002; 
Tindle et al. 2005).   While the vast majority of the imported material is of good quality and safe 
for consumption, contamination with pesticides and heavy metals and overuse of preservatives 
(i.e., sulfur dioxide) has been a problem in some imported material (Wong et al. 1993; Ernst 
2002).  Additionally, imported material is sometimes discolored, suggesting long storage times or 
inappropriate post-harvest handling or storage conditions, potentially leading to a decrease in 
therapeutic activity.   Examination of domestically-produced plant material from growers in New 
York and in California suggests that domestic production can significantly increase the sensory 
qualities, and perhaps the therapeutic effects, of some Chinese medicinal herbs available to 
practitioners in the U.S. (Giblette 2008b; Schaffer 2011).  Providing access to fresh plant material 
may also expand the number of herbal medicinal substances available to practitioners, as fresh 
plant material of some species (i.e., ginger, Zingiber officinale Roscoe) is recognized to have 
different chemical composition and medicinal properties than dried plant material of the same 
species (Chen and Chen 2004).   
In addition to providing products that may be safer and more efficacious to consumers, 
domestic production of Chinese medicinal plants may benefit growers by providing new crops, 
many of which are easy to grow, may grow on marginal land, and require only one harvest per 
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season (Giblette and Martin 2007; Schaffer 2011).  While selected growers and AOM 
practitioners have indicated a strong interest in domestic production of Chinese medicinal plants, 
and while some growers in the northeastern U.S. have had success cultivating selected species, 
information on production and processing methods is extremely limited (Schaffer 2011).  Basic 
production information such as propagation methods, plant spacing, nutrient requirements, 
appropriate soils, time to harvest, and disease and pest control are lacking.   
To begin research on cultivation of Chinese medicinal plants, four species were selected.  
Criteria for selection included adaptability to the Massachusetts climate, frequency of use by 
AOM professionals, time to harvest (single season vs. multiple seasons), processing 
requirements, and sensitivity to post-harvest handling.  Based on these criteria, Agastache rugosa 
(Fischer & C. Meyer) Kuntze [tǔ huò xiāng; Agastache herba], Schizonepeta tenuifolia Bentham 
[jīng jiè; Schizonepeta flos], Leonurus japonicus Houtt (syn. Leonurus heterophyllus Sweet) [yì 
mǔ cǎo; Leonuri herba], and Leonurus sibiricus L. (syn. Leonurus manshuricus Yabe; L. sibiricus 
var. grandiflora Bentham) [yì mǔ cǎo; Leonuri herba], all members of the Lamiaceae family, 
were selected for the studies.  These species are traditionally used dried and typically without 
further processing, although Schizonepeta tenuifolia may undergo processing to create 
“carbonized” material that has different bioactivity than the dried material (Fung and Lau 2002; 
Chen and Chen 2004). 
Agastache rugosa (Fischer & C. Meyer) is an herbaceous perennial, approximately 0.5 to 
1 m tall, with serrate leaves, cordate-ovate to oblong-lanceolate in shape, and compact spikes of 
light purple flowers, The plant is cultivated for medicinal use in China, Japan, and Korea (FOC 
2010). In traditional Chinese medicine (TCM) terms, Agastache rugosa releases the exterior, 
transforms dampness, harmonizes the middle, and alleviates nausea.  The herb is considered an 
alternate (a plant with similar therapeutic properties that may be substituted in herbal formulas) to 
Pogostemon cablin (Blanco) Benth.  Both herbs are referred to as huo xiang, although A. rugosa 
is sometimes called tu huo xiang, and both are considered interchangeable by U.S.-based 
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distributors of Chinese botanicals.  Recent in vitro studies have confirmed anti-fungal activity 
(including synergistic enhancement of the anti-fungal drug ketoconazole) and inhibition of HIV 
integrase and type-1 protease by extracts of A. rugosa (Kim et al. 1999; Lam et al. 2000; Shin and 
Kang 2003; Shin 2004).  Aerial portions of the plant are harvested when the plant is in full 
flower.  Good quality material consists of thick stems and branches with many leaves, an intense 
aroma, and a green color (Bensky et al. 2004).  
Schizonepeta tenuifolia is an annual, approximately 1 m tall, much branched, with deeply 
lobed, pubescent leaves, and narrow, dense spikes of lavender flowers.  The plant is cultivated in 
several provinces in eastern China and grows wild in northern and western China.  In TCM terms, 
Schizonepeta tenuifolia is used to release the exterior and dispel wind.  Specific physiological 
indications are colds (dried herb), measles and pruritic skin eruptions (dried herb), and to stop 
bleeding (carbonized herb).  Both the dried flower spikes and the carbonized flower spikes 
(produced by frying the spikes over a hot flame or baking at 210 oC until the herb turns black) are 
used, with the carbonized being used primarily as a hemostatic in cases of hemorrhage, bloody 
stool, and excessive menstrual bleeding (Bensky et al. 2004).  Animal and in vitro studies have 
confirmed antihistamine, antipruritic, antimicrobial, and hemostatic activity of the herb (Fung and 
Lau 2002).  The flowers are harvested in full bloom.  Good quality material consists of strongly 
aromatic, light green, long, dense flower spikes (Bensky et al. 2004). 
Leonurus japonicus and L. sibiricus are herbaceous annuals or biennials with dense basal 
rosette of palmatipartite or palmatisect leaves.  Flowering stems grow to 80 to 120 cm tall with 
verticillasters containing 8 to many white to reddish or purplish flowers. L. japonicus grows wild 
throughout China, while L. sibiricus is found in northern China and in Russia.   
Leonurus species are used, in TCM terms, to invigorate the blood, dispel blood stasis, 
regulate menstruation, facilitate urination, and resolve toxicity (Bensky et al. 2004).  Recent 
animal and in vitro studies have confirmed antiproliferative and antibacterial activity, antagonism 
of the platelet activating factor (PAF) receptor (PAF is a phospholipid activator and mediator of 
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multiple effects, including platelet aggregation, inflammation, and anaphylaxis), and therapeutic 
effects in cardiac ischemia (Lee et al. 1991; Ha et al. 1997; Chinwala et al. 2003; Zhu et al. 2004; 
YoungHwa 2005; Ahmed et al. 2006; Hang-Ching et al. 2007).  The leaves of the first year plants 
or aboveground parts of second year plants are used medicinally.  If harvested in the second year 
of growth, the plant is harvested in full flower.  Good quality material consists of tender plants 
with many gray-green leaves. While L. japonicus is listed at the primary species used, L. sibiricus 
is considered an appropriate substitute (Bensky et al. 2004). 
The purpose of this study was to develop basic agronomic data for cultivation of these 
species in northeastern United States and to begin to determine the appropriate level of nitrogen 
for use on these crops.   
2.2 Materials and Methods  
2.2.1 Field Cultivation Methods  
Organic seeds of all species were purchased the first year from Horizon Herbs (Williams, 
OR) , with seeds of Leonurus spp. being purchased annually from Horizon and seeds of S. 
tenuifolia and A. rugosa collected and saved from the prior year’s harvests in the second and third 
year. Seeds were planted in late May in flats filled with Fafard Seed Starter Potting Mix 
(Agawam, MA).  Flats were placed in a greenhouse at the University of Massachusetts Amherst, 
watered as needed, and were not fertilized.  After development of two to four true leaves, the 
seedlings were transplanted into 72-cell flats filled with Fafard Seed Starter Potting Mix.   
A field was prepared for planting at the University of Massachusetts Agronomy Research 
Farm in South Deerfield, Massachusetts (42o, 28’ 36” N; 72o, 34’, 47” W).  Plots were previously 
planted with a cover crop of buckwheat (Fagopyrum esculentum Moench) and were cultivated for 
bed preparation in mid-June.  The soil type was Unadilla silt loam (USDA NRCS 2010).  
Standard soil tests conducted by the Soil and Plant Tissue Testing Laboratory at the University of 
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Massachusetts indicated that the soil contained 17 ppm P, 135 ppm K, 645 ppm Ca, 95 ppm Mg, 
0.8 ppm Zn, 0.8 ppm Mn, 1.6 ppm Cu, 0.2 ppm B, with a cation exchange capacity of 5.8 
Meq/100 g. Soil nitrates were 0 ppm and the pH was 6.6.  The trial was replicated annually for 3 
years in plots adjacent to previous year plots, with plants grown from seed each year. At this 
location, the average annual temperature is 9.7oC and the average annual precipitation is 126 cm.  
The field area was partitioned into three replicate sections, each further partitioned into 
twelve 2 by 2.75 m plots.  A randomized complete block design assigned the twelve plots within 
a section a full factorial combination of four species by three nitrogen levels (Figure 2, Figure 3).  
Within each plot, twenty plants were grown in a 5 by 4 grid with plants equally spaced at 45 cm. 
To protect from edge effects, the central six plants in each plot were the experimental units. 
Plots were treated with soybean meal (7.0-0.5-2.3 N-P-K) (Blue Seal Feeds, Inc, 
Londonderry, NH) at a rate that gave 0, 100, or 200 kg of nitrogen per hectare.  These fertilizer 
rates were selected as a rate-finding study with low, average, and high levels of nitrogen as 
compared to rates for other vegetable and herb leaf and flower crops in order to begin to find the 
optimal level of nitrogen (Mengel et al. 2001).  Soybean meal was applied by hand to plots in a 
single application prior to planting, and the meal was incorporated into the topsoil using a Mantis 
2-cycle cultivator (Schiller Grounds Care, Southampton, PA).  Seedlings were transplanted to the 
field June 25 or 26 when they had 4 to 6 true leaves.  In keeping with organic certification 
standards, no insecticides, fungicides, or herbicides were applied.  Weeds were managed through 
hand weeding and plants were watered by hand to supplement natural rainfall.  After reaching the 
appropriate growth stage, plants were harvested by hand, using pruning shears. Voucher 
specimens of all species, in flower, were deposited in the herbarium of the Biology Department at 
the University of Massachusetts Amherst. Botanical identity of flowering material was confirmed 
against species descriptions in the Flora of China (FOC 2010). Leonurus plants were left to grow 
for two seasons to allow for identification of flowering parts.   
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Plant height and width were recorded weekly until harvest.  Days to maturity were the 
number of days from germination until the plants were ready for harvest, as determined by 
descriptions in a reference text on traditional Chinese medicine (Bensky et al. 2004) and 
observation of commercially available material.  A. rugosa plants were harvested when plants 
were in full flower.  The six central plants from each plot were harvested by cutting with pruning 
shears at a height of 20 cm above the soil.  Flowers of S. tenuifolia were harvested when plants 
were in full bloom.  The leaves of Leonurus were harvested in the fall, prior to frost.   
2.2.2 Drying Methods  
Material collected from the field was dried on perforated metal trays in a forced hot air 
drier at a constant 45 oC or on perforated metal trays under shade in an unheated greenhouse at 
fluctuating temperatures. These methods were selected to mimic different drying methods that 
might be available to commercial growers and were utilized for further testing on the effects of 
drying method on the chemical composition of the dried material (see Chapters 3 and 4).  
 
2.2.3 Statistical Analysis 
The replicated factorial design corresponding to the two-way analysis of variance with 
interaction (γij) model below measured the fresh and dry harvest weights of 18 replicated plants 
where a block of 6 plants were grown on each of 3 plots (πh, h = 1, ..., 27) with nitrogen at levels 
0, 100 (baseline), and 200 kg/ha (τi, i = 1, 2, 3) measured at years 2008, 2009, and 2010 (baseline) 
(βj, j = 1, 2, 3) for a total of 162 plants of each species,  
Wtijk = μ + τi + βj + γij + πh + εijk 
Since the plot effect was far from significant, πh was removed from the model, thus all 18 
treatment observations were assumed independent. 
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Sensitivity to influential observations was assessed with the result that when outliers were 
excluded the multiple-R2 over dry and fresh weight for various plant species often increased 
insubstantially and effects were often slightly stronger. Fitting the models of dry and fresh weight 
on the log scale slightly improved residual homoscedasticity and reduced the influence of large 
outliers, however, the log transformation also introduced left skewness.  Therefore, we retain the 
model on the original scale since model assumptions are not sufficiently violated to cause concern 
and exclude five outliers from each dry and fresh weight models though they do not change the 
resulting inference. 
 
2.3 Results  
The addition of nitrogen at a rate of 100 kg/ha as soybean meal significantly improved 
the yield of all species, as compared to 0 kg/ha of nitrogen (Table 1).  In A. rugosa, yield was 
non-significantly increased at 200 kg/ha of nitrogen, as compared to 100 kg/ha, with average 
yields of 48.8 and 44.7 g dry weight (d.w.) per plant, respectively (Table 1, Table 2, Figure 4, 
Figure 5).  For S. tenuifolia, the difference in yields at 200 and 100 kg/ha of nitrogen were minor, 
with average yields of 52.8 and 52.6 g/plant d.w., respectively (Table 1, Table 3, Figure 10, 
Figure 11).  For the Leonurus species, a significant increase in growth was observed in the plants 
treated with nitrogen at a rate of 200 kg/ha as compared to 100 kg/ha, with average yields of 51.6 
g d.w. and 42.7 g d.w. per plant in L. japonicus and 54.7 g d.w. and 46.9 g d.w. per plant for L. 
sibiricus at 200 and 100 kg/ha of nitrogen, respectively (Table 1, Table 4, Table 5, Figure 6, 
Figure 7, Figure 8, Figure 9).  Fresh weights for all species followed the same trends as dry 
weights and the model parameters that are important for explaining the variability in dry weights 
are also important for fresh weights. 
Data on plant height, width, and days to maturity were collected to allow for crop 
planning, including spacing and planting dates. The average heights and widths, respectively, for 
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the selected species were 69 and 48 cm for A. rugosa, 112 and 64 cm for S. tenuifolia, 28 and 66 
cm for L. japonicus, and 20 and 58 cm for L. sibiricus (note that measreuments for Leonurus 
species are for first year basal rosettes only and not for 2nd year flowering stalks) (Table 6).  
Average days to harvest were 114 for Leonurus species, 117 for S. tenuifolia, and 84 for A. 
rugosa (Table 6).  Visual evaluation of plant material indicated that plant material produced in 
this study was more colorful (green leaves, purple flowers) as compared to commercial samples 
that were browned and lacked color vibrancy (Figure 12). 
Based on the results of this pilot study, dry weight yield per hectare for A. rugosa has 
been estimated at 894 kg, for S. tenuifolia at 805 kg, for L. japonicus at 606 kg, and for L. 
sibiricus at 778 kg (Table 7).  
2.4 Discussion 
Results from these preliminary trials indicate that all four of the selected species grew 
well under cultivation in Massachusetts.  The results provide initial data on appropriate levels of 
nitrogen fertilizer for the growth of these crops and also give basic data that will be helpful in 
determining planting and harvest dates, plant spacing, and estimated yields.   Although further 
studies are needed to determine optimal fertilization rates, these preliminary trials suggest that N 
applied at a rate of 100 kg.ha-1 is appropriate for A. rugosa and S. tenuifolia, while for Leonurus 
spp., similar increases in yields between 0 and 100 kg.ha-1 N and 100 and 200 kg.ha-1 suggest that 
a N rate between 100 and 200 kg.ha-1 may be appropriate.   
The decreases in yields of the Leonurus species seen in the 2009 growing season were 
related to high levels of rainfall that season. During that season, the field was frequently 
saturated, contributing to the development of Sclerotinia in some of the Leonurus plants. 
The economic viability of these species as crops in the northeastern United States 
depends in part on the prices that can be obtained.  Selling direct to acupuncturists, prices for 
dried plant material in 2008-2012 ranged from $18-24 per pound for A. rugosa, $20 per pound for 
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S. tenuifolia, and $17-20 per pound for Leonurus spp..  This is significantly higher than retail 
prices for imported material from companies that supply herbs only to licensed acupuncturists, 
with 2013 pricing from those companies around $4.50 per pound for A. rugosa, $7.45 per pound 
for S. tenuifolia, and $4.50 per pound for Leonurus spp.. 
One of the significant questions regarding domestic production of herbs used in 
traditional Chinese medicine (TCM) is that of “dao di,” or geoauthenticity (similar to the term 
“terroir” often used by wine experts in describing the climate, soil, and environmental influences 
on grape and wine flavor) (Van Leeuwen and Seguin 2006; Lila 2006; Zhang et al. 2010).   
Related research on agronomic aspects of Chinese medicinal plant cultivation has been 
conducted in the Bavarian region of Germany, where at least 18 different species have been 
investigated (Bomme et al. 2007; Heuberger et al. 2010).  Chemical analyses of species grown 
indicated that most were chemically similar to material imported from China and that most were 
compliant with corresponding monographs of the Chinese Pharmacopeia (PPRC 2005; Heuberger 
et al. 2010).  This research begins to address the issue of chemical equivalence in domestically 
produced herbs used in traditional Chinese medicine (TCM), which is linked to the term, “dao 
di,” or geoauthenticity (similar to the term “terroir” often used by wine experts in describing the 
climate, soil, and environmental influences on grape and wine flavor) (Van Leeuwen and Seguin 
2006; Lila 2006; Zhang et al. 2010). Within China, selected herbs may be cultivated successfully 
in a number of regions, although certain regions are traditionally recognized to be the source of 
the highest quality material of a particular species (Chen and Chen 2004; Zhang et al. 2010).  
This traditional recognition has been validated by modern research demonstrating within species 
that known active compounds are higher in plants from the preferred regions.  For example, L. 
japonicus collected from Beijing and Liaoning has a higher content of one of the primary active 
compounds, stachydrine, than material collected from Shandong and Henan (Lin 2011). It is not 
yet known whether material cultivated in the U.S., grown under controlled conditions will have a 
comparable phytochemical profile to imported material.  Determining the phytochemical profile 
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of material grown domestically will be important in evaluating the quality and efficacy of the 
material.     
2.5 Tables and Figures  
 
Table 1.  Dry weight five number summary (minimum, 1st quartile, median, 3rd 
quartile, maximum), with averages for dry weight of all four species, 2008-2010 by 
species and level of nitrogen 
 
A. rugosa S. tenuifolia L. japonicus L. sibiricus 
 N1 N2 N3 N1 N2 N3 N1 N2 N3 N1 N2 N3 
 g/plant g/plant g/plant g/plant 
Minimum  10.3 21.4 18.1 7.3 23.9 6.6 7.0 13.1 4.4 5.4 9.8 10.7 
1st quartile 18.1 31.9 37.6 21.3 42.2 35.4 17.5 24.6 28.1 20.0 28.3 27.1 
Median 26.7 43.9 46.1 28.1 50.0 50.1 26.7 38.6 57.8 34.0 47.2 60.5 
3rd quartile 36.2 54.6 59.5 35.2 57.9 66.5 48.8 58.8 71.8 45.8 59.1 76.0 
Maximum 66.4 76.2 95.2 53.4 107.0 112.2 71.2 86.2 115.0 61.5 92.1 135.1 
Average  29.3 44.7 48.8 28.3 52.6 52.8 32.1 42.7 51.6 33.3 46.9 54.7 
 
Table 2.  Analysis of variance for A. rugosa yield by nitrogen rate, year, and the 
interaction of nitrogen and year 
Agastache rugosa 
 Estimate Std error t-value   Pr(>|t|) Sig 
(Intercept) 51.73 2.98 17.313 <.0001 *** 
N0 -9.87 4.23 -2.336 0.0208 * 
N200 8.22 4.29 1.918 0.057 . 
Y2008 -1.69 4.23 -0.4 0.6898  
Y2009 -19.36 4.23 -4.581 <.0001 *** 
N0:Y2008 -14.13 5.98 -2.364 0.0193 * 
N200:Y2008 -9.88 6.02 -1.642 0.1027  
N0:Y2009 -2.51 5.98 -0.42 0.6753  
N200:Y2009 -1.91 6.02 -0.318 0.7512   
Residual standard error: 12.68 on 152 degrees of freedom 
Multiple R-squared: 0.4961,     Adjusted R-squared: 0.4696 
F-statistic: 18.71 on 8 and 152 DF,  p-value: < 2.2E−16  
Sig. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1   
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Table 3. Analysis of variance for S. tenuifolia yield by nitrogen rate, year, and the 
interaction of nitrogen and year 
Schizonepeta tenuifolia 
 Estimate Std error t-value Pr(>|t|) Sig 
(Intercept) 44.82 3.94 11.373 <.0001 *** 
N0 -19.78 5.57 -3.55 0.0005 *** 
N200 -6.83 5.50 -1.243 0.2158  
Y2008 3.47 5.57 0.622 0.5350  
Y2009 19.24 5.50 3.501 0.0006 *** 
N0:Y2008 -0.83 7.88 -0.105 0.9164  
N200:Y2008 8.54 7.96 1.073 0.2853  
N0:Y200 -12.29 7.77 -1.581 0.1160  
N200:Y2009 17.80 7.83 2.273 0.0245 * 
Residual standard error: 16.25 on 144 degrees of freedom 
Multiple R-squared: 0.4954,     Adjusted R-squared: 0.4674 
F-statistic: 17.67 on 8 and 144 DF,  p-value: < 2.2E−16  
Sig. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1   
 
Table 4. Analysis of variance for L. japonicus yield by nitrogen rate, year, and the 
interaction of nitrogen and year 
Leonurus japonicus 
 Estimate Std error t-value Pr(>|t|) Sig 
(Intercept) 55.74 2.96 18.857 <.0001 *** 
N0 -19.12 4.18 -4.575 <.0001 *** 
N200 13.79 4.24 3.251 0.0014 ** 
Y2008 5.62 4.18 1.345 0.1805  
Y2009 -30.15 4.18 -7.213 <.0001 *** 
N0:Y2008 6.83 6.06 1.128 0.2613  
N200:Y2008 -5.24 5.95 -0.88 0.3803  
N0:Y2009 10.48 5.91 1.772 0.0785 . 
N200:Y2009 -18.11 5.96 -3.041 0.0028 ** 
Residual standard error: 12.54 on 149 degrees of freedom 
Multiple R-squared: 0.7221,     Adjusted R-squared: 0.7072 
F-statistic: 48.41 on 8 and 149 DF,  p-value: < 2.2E−16  
Sig. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1   
 
Table 5.  Analysis of variance for L. sibiricus yield by nitrogen rate, year, and the 
interaction of nitrogen and year 
Leonurus sibiricus 
 Estimate Std error t-value Pr(>|t|) Sig 
(Intercept) 43.29 2.99 14.494 <.0001 *** 
N0 -14.83 4.22 -3.51 0.0006 *** 
N200 20.45 4.29 4.771 <.0001 *** 
Y2008 18.63 4.29 4.348 <.0001 *** 
Y2009 -19.37 4.22 -4.587 <.0001 *** 
N0:Y2008 6.12 6.02 1.018 0.3104  
N200:Y2008 -13.24 6.15 -2.152 0.0330 * 
N0:Y2009 5.42 5.97 0.907 0.3657  
N200:Y2009 -19.09 6.02 -3.174 0.0018 ** 
Residual standard error: 12.67 on 149 degrees of freedom 
Multiple R-squared: 0.7032,     Adjusted R-squared: 0.6873 
F-statistic: 44.13 on 8 and 149 DF,  p-value: < 2.2E−16   
Sig. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1   
  24 
Table 6. Days to maturity, and height and width (average of all treatments) at 
maturity for all species 
 Days 
to maturity 
Height  
at maturity (cm) 
Width 
at maturity (cm) 
                                              min max avg SD min max avg SD 
A. rugosa  84 51 86 69 10 30 112 48 10 
S. tenuifolia 117 79 132 112 13 28 81 64 10 
L. japonicus 114 20 91 28 5 53 81 66 8 
L. sibiricus 114 18 30 20 5 30 71 58 8 
 
 
Table 7. Parameters for calculated dry weight yield for a square hectare 
 
Bed width 
(m) Rows per bed 
Spacing within 
rows (m) 
Estimated 
number of 
plants per 
hectare 
Estimated 
yield 
(kg.ha-1) 
A. rugosa  1.35 2 0.5  20,000 894 
S. tenuifolia 1.35 2 0.6  15,300 805 
L. japonicus 1.35 2 0.7 14,200 606 
L. sibiricus 1.35 2 0.6 16,600 778 
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Figure 2.  Field plot randomized complete block design with 3 replications 
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Figure 3. Field being prepared for planting in mid-June (top) and in mid-August 
(bottom). 
 
 
 
 
  26 
Nitrogen (kg/ha)
Year
2001000
201020092008201020092008201020092008
100
90
80
70
60
50
40
30
20
10
Yi
eld
 
(d
ry
 
w
eig
ht
,
 
g)
 
Figure 4.  Agastache rugosa dry weight yield by nitrogen level and year 
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Figure 5.  Agastache rugosa dry weight yield average by nitrogen level 
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Figure 6.  Leonurus japonicus dry weight yield by nitrogen level and year 
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Figure 7.  Leonurus japonicus dry weight yield average by nitrogen level 
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Figure 8.  Leonurus sibiricus dry weight yield by nitrogen level and year 
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Figure 9.  Leonurus sibiricus dry weight yield average by nitrogen fertilizer 
treatment 
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Figure 10.  Schizonepeta tenuifolia dry weight yield by nitrogen level and year 
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Figure 11.  Schizonepeta tenuifolia dry weight yield average by nitrogen level 
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Figure 12.  Photographs of plant material produced in this study (right side of each 
photo) compared to imported material purchased at TCM pharmacies (left side of 
each photo). 
Schizonepeta tenuifolia 
Leonurus spp. 
Agastache rugosa 
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CHAPTER 3  
EFFECTS OF ORGANIC NITROGEN FERTILIZER AND DRYING 
TEMPERATURE ON ESSENTIAL OIL YIELD 
3.1 Introduction 
American acupuncturists and farmers are interested in domestic production of TCM herbs 
used in Traditional Chinese Medicine (TCM).  Agastache rugosa and Schizonepeta tenuifolia, 
both members of the Lamiaceae family, are species that are commonly used in TCM. Both 
species produce aromatic compounds that have been linked to the bioactivity of the plants.  
 Agastache rugosa (Fischer & C. Meyer) is an herbaceous perennial, 
approximately 0.5 to 1 m tall, with serrate leaves, cordate-ovate to oblong-lanceolate in shape, 
and compact spikes of light purple flowers.  The plant is cultivated for medicinal use in China, 
Japan, and Korea (FOC 2010). In Traditional Chinese Medicine (TCM) terms, Agastache rugosa 
releases the exterior, transforms dampness, harmonizes the middle, and alleviates nausea.  The 
herb is considered an alternate (a plant with similar therapeutic properties that may be substituted 
in herbal formulas) to Pogostemon cablin (Blanco) Benth.  Both herbs are referred to as huo 
xiang, although A. rugosa is sometimes called tu huo xiang, and both are considered 
interchangeable by U.S.-based distributors of Chinese botanicals.  Recent in vitro studies have 
confirmed anti-fungal activity (including synergistic enhancement of the anti-fungal drug 
ketoconazole) and inhibition of HIV integrase and type-1 protease by extracts of A. rugosa (Kim 
et al. 1999; Lam et al. 2000; Shin and Kang 2003; Shin 2004).  Aerial portions of the plant are 
harvested when the plant is in full flower.  Good quality material consists of thick stems and 
branches with many leaves, an intense aroma, and a green color (Bensky et al. 2004).  
Schizonepeta tenuifolia is an annual, approximately 1 m tall, much branched, with deeply 
lobed, pubescent leaves, and narrow, dense spikes of lavender flowers.  The plant is cultivated in 
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several provinces in eastern China and grows wild in northern and western China.  In TCM terms, 
Schizonepeta tenuifolia is used to release the exterior and dispel wind.  Specific physiological 
indications are colds (dried herb), measles and pruritic skin eruptions (dried herb), and to stop 
bleeding (carbonized herb).  Both the dried flower spikes and the carbonized flower spikes 
(produced by frying the spikes over a hot flame or baking at 210 oC until the herb turns black) are 
used, with the carbonized being used primarily as a hemostatic in cases of hemorrhage, bloody 
stool, and excessive menstrual bleeding (Bensky et al. 2004).  Animal and in vitro studies have 
confirmed antihistamine, antipruritic, antimicrobial, and hemostatic activity of the herb (Fung and 
Lau 2002).  The flowers are harvested in full bloom.  Good quality material consists of strongly 
aromatic, light green, long, dense flower spikes (Bensky et al. 2004). 
Essential oil content in plant material is influenced by environmental conditions, 
geographic location, genetic factors, cultivation practices, and post-harvest handling (Figueiredo 
et al. 2008). Research on sage brush (Artemisia tridentata Nutt.) indicates that plants given a 
limited amount of nitrogen produce higher concentrations of terpene compounds than plants 
given adequate nitrogen.  Higher terpene content in low-nitrogen plants reduced herbivory by 
grasshoppers as compared to the increase in herbivory and biomass observed in plants given 
adequate nitrogen (Johnson and Lincoln 1991). Conversely, nitrogen fertilization at rates up to 
300 kg/ha increased yield of leaf essential oil in basil (Ocimum basilicum L.) due to an increase in 
both leaf essential oil concentration and leaf biomass (Sifola and Barbieri 2006).   
Proper drying of medicinal plants is a key element of post-harvest processing and a 
critical control point for product quality.  Plant material must be dried as soon as possible to 
inhibit microbial fermentation and thermal degradation of plant material (WHO 2003).  Essential 
oil-bearing plants require careful attention to drying temperature to facilitate drying and to 
mitigate the loss of essential oils that can occur during drying, especially at higher temperatures. 
The goal of this research was to determine the effects of nitrogen fertilizer and post-
harvest drying temperature on the essential oil content of A. rugosa and S. tenuifolia.  
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3.2 Materials and Methods 
3.2.1 Field Cultivation Methods  
Organic seeds were purchased from Horizon Herbs (Williams, OR) and seeded in late 
May in flats filled with Fafard Seed Starter Potting Mix (Agawam, MA).  Flats were placed in a 
greenhouse at the University of Massachusetts Amherst, watered as needed, and were not 
fertilized.  After development of two to four true leaves, the seedlings were transplanted into 72-
cell flats filled with Fafard Seed Starter Potting Mix.   
A field was prepared for planting at the University of Massachusetts Agronomy Research 
Farm in South Deerfield, Massachusetts, USA.  Plots were previously planted with a cover crop 
of buckwheat (Fagopyrum esculentum Moench).  Plots were cultivated for bed preparation in 
mid-June.  The soil type was Unadilla silt loam (USDA NRCS 2010).  Standard soil tests 
conducted by the Soil and Plant Tissue Testing Laboratory at the University of Massachusetts 
indicated that the soil contained, 17 ppm P, 135 ppm K, 645 ppm Ca, 95 ppm Mg, 0.8 ppm Zn, 
0.8 ppm Mn, 1.6 ppm Cu, 0.2 ppm B, with a cation exchange capacity of 5.8 Meq/100 g. Soil 
nitrates were 0 ppm. The trial was replicated annually for 2 years in plots adjacent to previous 
year plots, with plants grown from seed both years. 
Plots were treated with soybean meal (7.0-0.5-2.3 N-P-K) (Blue Seal Feeds, Inc, 
Londonderry, NH) at a rate that gave 0, 100, or 200 kg of nitrogen per hectare.  These fertilizer 
rates were selected as a rate-finding study with low, average, and high levels of nitrogen as 
compared to rates for other vegetable and herb leaf crops in order to examine the effects of 
nitrogen on secondary metabolite formation.  Fertilizer treatments were broadcast over the beds 
by hand and incorporated into the soil with a small rototiller.    
The 2.8 by 33 m homogeneous field area was partitioned into three replicate sections, 
each further partitioned into twelve 2 by 2.75 m plots.  A randomized complete block design 
assigned the six plots within a section a full factorial combination of both species by three 
  34 
nitrogen levels.  Within each plot, twenty plants were grown in a 5 by 4 grid with plants equally 
spaced at 45 cm. To protect from edge effects, the central six plants in each plot were the 
experimental units. 
Seedlings were transplanted to the field June 25 or 26 in 2009 and 2010, when they had 4 
to 6 true leaves.  In keeping with organic certification standards, no insecticides, fungicides, or 
herbicides were applied.  Weeds were managed through hand weeding.  A tensiometer (15 cm 
deep) was used to monitor soil moisture and indicate the need for hand watering of the plots.  
After reaching the appropriate growth stage, plants were harvested by hand, using pruning shears. 
Voucher specimens of both species were deposited at the University of Massachusetts herbarium.  
 
3.2.2  Harvest and Drying Methods 
Agastache rugosa above ground parts were harvested when plants were in full flower.  
The six central plants from each plot were harvested by cutting with pruning shears at a height of 
20 cm above the soil.   
Schizonepeta tenuifolia inflorescences were harvested when plants were in full flower.  
The six central plants from each plot were harvested by trimming each inflorescence with pruning 
shears.  
Material collected from the field was dried on perforated metal trays in a forced hot air 
drier at a constant 45 oC or on perforated metal trays under shade in an unheated greenhouse at 
fluctuating temperatures. These methods were selected to mimic different drying methods that 
might be available to commercial growers.   
To determine the optimal processing conditions, additional plant material was dried on 
perforated metal trays in a forced hot air oven at 38, 49, 60, or 71 oC.  Plant material was also 
freeze-dried and the phytochemical profile of materials dried at different temperatures was 
compared to each other, fresh material, and imported commercial samples.   The freeze-dried 
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material was dried with a starting temperature of -30 oC and a running temperature of +20 oC 
under a vacuum of 30 millitorr for approximately 24 hours.  
 
3.2.3  Essential Oil Distillation  
Dried plant material was stored in plastic bags at room temperature, protected from light.  
Essential oil was extracted by simultaneous distillation and extraction in a modified Likens-
Nickerson apparatus. For analysis, 50 g of dried plant material was placed inside the 1000 ml 
distilling flask of the apparatus along with 500 ml distilled water.  100 ml of diethyl ether (Sigma-
Aldrich, St. Louis, MO) was poured into the 100 ml receiving flask of the apparatus.  Heating 
mantles for the distilling and receiving flasks were set so that both liquids came to a boil.  The 
distillation was continued for 2.5 hours after the liquids began boiling.  The diethyl ether and 
extracted essential oil were decanted into a 250 ml Erlenmeyer flask.  Anhydrous sodium sulfate 
(Fisher Scientific, Pittsburgh, PA) was added as necessary to absorb any water.  The flask was 
covered with Parafilm and refrigerated overnight.  The sodium sulfate was removed by filtration 
through 20-25µm filter paper (Fisherbrand P8 plain circles, Fisher Scientific, Pittsburgh, PA). A 
vacuum pump attached to a Büchi rotavapor R-200 rotary evaporator with a Büchi heating bath 
B-490 was used to evaporate the ether, leaving the essential oil (Büchi, Flawil, Switzerland).   
 
3.3 Results  
3.3.1  Drying Temperature and Essential Oil 
A. rugosa plant material dried at 38 ºC was similar in essential oil content to freeze dried 
material.  Increases in drying temperature resulted in decreases in essential oil content in the dried 
plant material.  When adjusted for estimated dry weight (based on fresh:dry weight ratios), fresh 
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material contained 3% essential oil, 1.5% in freeze-dried material, 1.48% to 0.58% at 
temperatures from 38 to 71 oC, respectively (Table 11, Figure 13). 
S. tenuifolia essential oil content was highest in the fresh plant material and material 
dried at 49 oC, and decreased in material dried at 38, 60, and 71 degrees (Figure 14, Table 15). 
When adjusted for estimated dry weight (based on fresh:dry weight ratios), fresh material 
contained 2.42% essential oil, 1.92% in freeze-dried material, 2.10% in material dried at 49 oC, 
1.81%, 1.48% and 0.80% in material dried at 38 oC, 60 oC, and 71 oC, respectively (Table 15). 
Commercial samples obtained from TCM pharmacies contained 1.8% and 2.12% essential oil. 
An analysis of variance for A. rugosa indicated that drying temperature had a significant 
effect on the content of essential oil in the dried A. rugosa plant material (P= 0.001) (Table 8). 
Evaluating the data with a pairwise comparison (Fisher LSD, 95% CI), means for material that 
was freeze dried or dried at 38 ºC, 49 ºC, and 60 ºC were significantly different than means of 60 
ºC and 71 ºC.  All dried material was significantly different from fresh plant material (Table 10).  
An analysis of variance for A. rugosa excluding the fresh material indicated that the drying 
temperatures had a highly significant (P=0.016) effect on essential oil content in the dried plant 
material (Table 9).  
An analysis of variance for S. tenuifolia indicated that drying temperature had a highly 
significant effect on the content of essential oil in the dried plant material (P=0.000) (Table 12). 
Pairwise comparisons (Tukey, 95% CI) indicated that drying temperatures of 49 ºC, 38 ºC, and 
freeze drying resulted in plant material with a similar essential content to commercial samples. A 
drying temperature of 60 ºC was similar to one of the commercial samples, while material dried at 
71 ºC was different from all other samples. An analysis of variance excluding the fresh material 
indicated that the drying temperatures had a highly significant (P=0.000) effect on essential oil 
content in the dried plant material (Table 13). A post-hoc pairwise comparison indicated that 
material dried at 38 oC, 49 oC, or freeze dried had an essential oil content that was similar to 
commercial samples (Table 14).  
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3.3.2  Nitrogen Level and Essential Oil 
A. rugosa material from the 2009 and 2010 growing seasons yielded different results on 
the effects of nitrogen fertilizer application on essential oil content.  In the 2009 growing season, 
essential oil content was highest in plant material without fertilizer, and the essential oil content 
decreased slightly as the fertilizer rate increased. In the 2010 growing season, the A. rugosa 
essential oil content was highest in plants treated with 100 kg/ha of nitrogen, next highest in 
plants treated with 200 kg/ha nitrogen, and lowest in untreated plants (Table 16).  
Plant material from the 2009 and 2010 growing seasons was analyzed after the 2010 
harvest occurred.  Plant material from 2009 was stored in sealed plastic food storage bags in a -20 
°C freezer.  A loss of volatile oils occurred during storage, thus the essential oil yield results were 
different based on year. The relative oil content of plants with different fertilizer treatments, 
however, is expected to have been maintained during storage.   
Analysis of variance on A. rugosa essential oil content did not show any significant effect 
of nitrogen fertilizer on the essential oil content in the dried plant material (P= 0.935 for 2009 
season, P=0.318 for 2010 season). 
S. tenuifolia plant material from the 2009 and 2010 growing seasons the highest mean 
essential oil content was found in plants without no added nitrogen. An analysis of variance for S. 
tenuifolia plants grown in 2010 indicated no significant effect of nitrogen fertilizer application on 
the essential oil content of S. tenuifolia (P=0.630). For material grown in 2010, applications of 
100 or 200 kg/ha of N resulted in a slight decrease in the essential oil content as compared to 
unfertilized plants, with the lowest essential oil content observed at the 200 kg/ha level (Table 
17).   
An analysis of variance for plants grown in 2009 indicated a significant effect of nitrogen 
fertilizer application on the essential oil content of S. tenuifolia (P=0.003). The essential oil 
content was highest in the unfertilized plants.  Pairwise comparisons (Tukey, 95% CI) indicated 
that means were similar for the 100 and 200 kg/ha nitrogen fertilizer rates.  
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3.4 Discussion 
The World Health Organisation (WHO) guidelines on good agricultural and collection 
practices for medicinal plants (WHO 2003) recommends that drying temperature generally be 
kept under 60 °C. Results of this study support that recommendation, as plant material dried at or 
over 60 °C had a significant loss of essential oil as compared to plant material dried at lower 
temperatures.   
The effect of different drying methods on the content and composition of volatile 
compounds is variable and depends on the compound and the plant material concerned. Studies of 
oven-drying and freeze-drying of dill lead to decreases in most of the volatile compounds as 
compared with the levels in the fresh herb (Huopalahti et al. 1985; Raghavan et al. 1994). The 
same changes were found to occur in parsley (Díaz-Maroto et al. 2002a). In contrast, the effect of 
oven drying at 30 oC or freeze-drying of thyme and sage yielded only minor changes, whereas 
oven drying at 60 oC resulted in volatile oil losses of 43% in thyme and 31% in sage (Venskutonis 
1997).  A study of drying methods on Mentha longifolia L. subsp. capensis indicated that the 
predominant compound in the essential oil changed depending on whether the plant material was 
fresh, dried in ambient conditions in sun or shade, or oven-dried (Asekun et al. 2007). Drying 
temperature experiments with Laurus nobilis L. leaves dried at ambient temperature, 45 °C, 
freeze-dried, or frozen, indicated that drying at 45 degrees °C and at ambient temperature 
produced similar results and resulted in similar levels of essential oil as compared to the fresh 
herb.  Freezing and freeze-drying resulted in a significant losses of essential oil as compared to 
fresh plant material (Díaz-Maroto et al. 2002b). 
For some herbs and spices, the relative amounts of certain compounds have been 
observed to increase during the drying process (Díaz-Maroto et al. 2003). These include eugenol 
in bay leaf (Díaz-Maroto et al. 2002b), thymol in thyme (Venskutonis 1997), and certain 
sesquiterpene compounds in selected spices (Baritaux et al. 1992; Raghavan et al. 1994; Yousif et 
al. 1999; Jerkovi et al. 2001). 
  39 
Examining the secretory structures and essential oil formation in S. tenuifolia, Liu et al 
have hypothesized that formation of essential oil compounds occurs via the p-menthane 
monoterpenoid oil biosynthesis pathway.  Forming from (+)-limonene and proceeding to  (+)-
cisisopiperitenol, (+)-cis-isopiperitenone, (-)-trans-isopulegone and (-)-pulegone to (+)-menthone 
and finally (-)-isomenthone (Liu et al. 2018).  Volatiles derived from (+)-limonene have also been 
reported to occur in Agastache species (Liu et al. 2018). 
In peppermint amended with 0, 80, or 160 kg/ha of nitrogen, a significant increase in oil 
content was observed at the 80 and 160 kg/ha level, as compared to the control. The difference in 
oil content between 80 and 160 kg/ha was not significant (Zheljazkov et al. 2010). A field 
experiment with Nigella sativa L. amended with 0, 30, 60, and 90 kg/ha nitrogen indicated that 
the essential oil content of the seed did not vary with the different nitrogen levels (Ashraf et al. 
2006).   
A field trial of basil cultivars amended at 0, 100, or 300 kg/ha of nitrogen demonstrated 
that increasing levels of nitrogen lead to increased plant biomass, total leaf area, and essential oil 
concentration. The physiological efficiency of N use to produce essential oil did have a tendency 
to increase with increasing levels of nitrogen fertilizer (Sifola and Barbieri 2006). 
The lack of effect of nitrogen on essential oil in this study is incongruent with similar 
studies on essential oil content in other species.  As reported in Chapter 2 and elsewhere (Gardner 
et al. 2015), the dry weight of plant material increased as nitrogen fertilizer application increased, 
thus crop yields improved.  The quality of the crop, however, remained unchanged.  Further 
experiments are needed to determine the effects of micronutrients, harvest time, environmental 
stressors, and other factors on the essential oil content of A. rugosa and S. tenuifolia.  
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3.5 Tables and Figures  
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Figure 13.  Essential oil content of A. rugosa under different drying temperatures 
 
Table 8. Analysis of variance for A. rugosa drying temperatures and essential oil 
quantity 
Source DF 
Adj 
SS Adj MS 
F-
Value 
P-
Value 
Drying temperature 5 7.0017 1.40035 19.49 0.001 
Error 6 0.4311 0.07185       
Total 11 7.4328          
 
 
Table 9. Analysis of variance for A. rugosa drying temperatures and essential oil 
quantity without fresh material 
Source DF 
Adj 
SS Adj MS 
F-
Value 
P-
Value 
Drying temperature 4 1.2885 0.32213 9.21 0.016 
Error 5 0.1750 0.03499       
Total 9 1.4635          
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Table 10.  Groupings of A. rugosa drying temperatures from the Fisher LSD method 
and 95% confidence 
Drying 
temperature N Mean Grouping 
Freeze dry 2 1.510 A       
38 2 1.482 A       
49 2 1.400 A B    
60 2 0.983    B C 
71 2 0.5820       C 
Means that do not share a letter are significantly different. 
 
 
Table 11. Essential oil content of A. rugosa under different drying temperatures 
Drying temperature 
Content of 
essential oil (%) 
Fresh1 3.04 
Freeze dry 1.51 
38 oC 1.48 
49 oC 1.40 
60 oC 0.98 
71 oC 0.58 
1Displayed as oil content for estimated dry weight of fresh sample 
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Figure 14.  Essential oil content of S. tenuifolia under different drying temperatures, 
as compared to two commercial samples (Comm A and B) 
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Table 12.  Analysis of variance for S. tenuifolia drying temperatures and essential   
oil  quantity 
Source DF Adj SS Adj MS F-Value P-Value 
Drying temperature 7 3.7851 0.54073 29.60 0.000 
Error 8 0.1462 0.01827       
Total 15 3.9313          
 
 
Table 13. Analysis of variance for S. tenuifolia drying temperatures and essential oil 
quantity without fresh material 
Source DF Adj SS Adj MS F-Value P-Value 
Drying temperature 6 2.4792 0.41320 21.21 0.000 
Error 7 0.1364 0.01948       
Total 13 2.6155          
 
 
Table 14.  Groupings of S. tenuifolia drying temperatures from the Fisher LSD 
method and 95% confidence 
Drying 
temperature N Mean Grouping 
Commercial B 2 2.127 A     
49 2 2.060 A     
Freeze dried 2 1.928 A     
38 2 1.811 A B   
Commercial A 2 1.804 A B   
60 2 1.481   B   
71 2 0.802     C 
Means that do not share a letter are significantly different. 
 
 
Table 15. Essential oil content of S. tenuifolia under different drying temperatures 
Temperature 
Content of 
essential oil (%) 
Fresh1 2.42 
Freeze dry 1.92 
38 oC 1.81 
49 oC 2.10 
60 oC 1.48 
71 oC 0.80 
Commercial sample A 1.80 
Commercial sample B 2.12 
1Displayed as oil content for estimated dry weight of fresh sample 
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Table 16. A. rugosa essential oil percent dry weight yield by treatment 
N level 2009 2010 
0 kg/ha 0.89 1.28 
100 kg/ha 0.88 1.51 
200 kg/ha 0.83 1.47 
 
Table 17.  S. tenuifolia essential oil percent dry weight yield by treatment 
N level 2009 2010 
0 kg/ha 2.18 3.20 
100 kg/ha 1.81 3.11 
200 kg/ha 1.92 3.02 
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CHAPTER 4  
EFFECT OF ORGANIC NITROGEN FERTILIZER ON THE LEONURINE 
CONTENT OF LEONURUS SPP. 
4.1 Introduction 
Native to China, Mongolia, and Russia, Leonurus japonicus Houtt. (syn. Leonurus 
heterophyllus Sweet; Leonurus artemisia [Loureiro] S. Y. Hu; Stachys artemisia Loureiro.), 
Leonurus sibiricus L. (syn. Leonurus manshuricus Yabe) are members of the Lamiaceae family.  
The two species are morphologically similar and have minor differences that are observable in the 
leaves and flowers.  Both species are upright biennial herbs that form a rosette of leaves in the 
first year and flowering stalks, 80 to 120 cm tall, the second year.  
Known in China as yì mŭ căo (L. japonicus) and xì yè yì mŭ căo (L. sibiricus), the above 
ground parts of the first and second year plants are commonly utilized in traditional Chinese 
medicine (TCM).  According to a TCM reference text, good quality material consists of tender 
plants with many gray-green leaves (Bensky et al. 2004). L. japonicus is the primary species used 
and L. sibiricus is considered an appropriate substitute.  
TCM utilizes different concepts of health and disease than western medicine.  In TCM 
terms, L. japonicus and L. sibiricus “invigorate the blood,” “dispel blood stasis,” “regulate 
menstruation,” and “facilitate urination” (Bensky et al. 2004).  The Pharmacopeia of the Peoples 
Republic of China lists that Leonurus is used to regulate menstruation by activating circulation 
and that indications include menstrual disorders, dysmenorrhea, amenorrhea, edema, and oliguria 
(PPRC 2005).  
Animal and in vitro studies have confirmed antiproliferative and antibacterial activity, 
antagonism of the platelet activating factor (PAF) receptor (PAF is a phospholipid activator and 
mediator of multiple effects, including platelet aggregation, inflammation, and anaphylaxis), and 
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therapeutic effects in myocardial ischemia (Lee et al. 1991; Ha et al. 1997; Chinwala et al. 2003; 
Zhu et al. 2004; YoungHwa 2005; Ahmed et al. 2006; Hang-Ching et al. 2007; Shang et al. 2014; 
Tan et al. 2017).  Human and animal studies have shown that pharmaceutical grade injectable 
preparations of alkaloid fractions of L. japonicus and L. sibiricus may be used successfully to 
treat acute ischemic stroke (Xu et al. 2002; Liang et al. 2011) and postpartum hemorrhage (Liu et 
al. 2015; Tan et al. 2017).  
The major known consituents in L. japonicus and L. sibiricus are the alkaloids 
stachydrine, leonurine, leonuridine, and leonurinine; the phenylpropanoid eugenol; the 
monoterpenoid p-menthan-3-ol, (1R,3R,4R)-form; the diterpenoids isoleosibirin, (+)-leosibricin, 
leosibirin, and preleoheterin; the tetraterpenoids violaxanthin, and zeaxanthin; the 
sesquiterpenoids chamazulene and isokobusone; and the saponin pomolic acid 28-O-β-D-
glucopyranosyl ester (Bensky et al. 2004; Zhu et al. 2004). Leonurine and stachydrine have been 
the focus of much of the bioactivity research done on Leonurus species (Zhang et al. 2018). 
Some horticultural studies on Leonurus japonicus have demonstrated that micronutrient 
levels and environmental conditions influence the concentration of alkaloids in the plant.  
“Standard” levels of manganese, along with an “excessive” concentration of copper, were 
reported to raise the total alkaloid concentration of L. japonicus by approximately 50 percent.  
“Standard” levels of manganese along with “excessive” levels of boron were found to yield a 2 
percent increase in total alkaloids (quantity of fertilizer was not noted in the English language 
abstract of this Chinese article) (Xu et al. 2000).  In a greenhouse study in which selected trace 
elements were sprayed on L. japonicus leaves, manganese, zinc, and iron were found to be the 
most important nutrients for affecting alkaloid concentrations, yielding 96%, 62%, and 57% 
increases in stachydrine, respectively, as compared to the control (Zhaoxing and Yan 2008).  
Applications of gibberellin and of cytokinin have also been reported to increase concentration of 
alkaloids in L. japonicus (Shujun et al. 1999).  
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Among L. japonicus samples collected from the Chinese provinces of Beijing, Liaoning, 
Shandong, and Henan, the content of stachydrine, another important alkaloid in Leonurus spp., 
was higher in plant material from Beijing and Liaoning provinces, suggesting that environmental 
factors play a role in alkaloid levels (Yan et al. 2007). 
The objective of this research was to determine whether different levels of nitrogen affect 
the alkaloid concentrations in L. japonicus and L. sibiricus. 
 
4.2  Materials and Methods 
4.2.1  Field Cultivation Methods  
Organic seeds were purchased from Horizon Herbs (Williams, OR) and seeded in late 
May in flats filled with Fafard Seed Starter Potting Mix (Agawam, MA).  Flats were placed in a 
greenhouse at the University of Massachusetts Amherst, watered as needed, and no fertilizer was 
applied.  After development of two to four true leaves, the seedlings were transplanted into 72-
cell flats filled with Fafard Seed Starter Potting Mix.   
A field was prepared for planting at the University of Massachusetts Agronomy Research 
Farm in South Deerfield, Massachusetts, USA, in a section of the farm that is dedicated to 
organic production.  Plots were previously planted with a cover crop of buckwheat (Fagopyrum 
esculentum Moench).  The soil type was Unadilla silt loam (USDA NRCS 2010).  Standard soil 
tests conducted by the Soil and Plant Tissue Testing Laboratory at the University of 
Massachusetts indicated that the soil contained, 17 ppm P, 135 ppm K, 645 ppm Ca, 95 ppm Mg, 
0.8 ppm Zn, 0.8 ppm Mn, 1.6 ppm Cu, 0.2 ppm B, with a cation exchange capacity of 5.8 
Meq/100 g. Soil nitrates were 0 ppm. The trial was replicated annually for 2 years in plots 
adjacent to previous year plots, with plants grown from seed both years.  
Plots were treated with soybean meal (7.0-0.5-2.3 N-P-K) (Blue Seal Feeds, Inc, 
Londonderry, NH) at a rate that provided 0, 100, or 200 kg of nitrogen per hectare.  These 
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fertilizer rates were selected as a rate-finding study with low, average, and high levels of nitrogen 
as compared to rates for other vegetable and herb leaf crops.  Fertilizer treatments were broadcast 
over the beds by hand and incorporated into the topsoil using a Mantis 2-cycle cultivator (Schiller 
Grounds Care, Southampton, PA). 
The field area was partitioned into three replicate sections, each further partitioned into 
twelve 2 by 2.75 m plots.  A randomized complete block design assigned the six plots within a 
section a full factorial combination of both species by three nitrogen levels.  Within each plot, 
twenty plants were grown in a 5 by 4 grid with plants equally spaced at 45 cm. To protect from 
edge effects, the central six plants in each plot were the experimental units. 
Seedlings were transplanted to the field the 4th week of June, when they had 4 to 6 true 
leaves.  Plants were maintained in accordance with organic certification standards. No 
insecticides, fungicides, or herbicides were applied, weeds were managed through hand weeding.  
Voucher specimens of both species were deposited at the University of Massachusetts herbarium. 
Two commercial samples were obtained from TCM pharmacies in San Francisco, CA.  These 
samples were analyzed for comparison to the material grown in the study.   
4.2.2  Harvest and Drying Methods 
Leonurus spp. basal rosettes were harvested in September. Plants were harvested by 
hand, cut 1-2 inches above the soil using pruning shears.  
 
Material collected from the field was dried on perforated metal trays in a forced hot air 
drier at a constant 45 oC. 
4.2.3 Sample Preparation and Extraction  
The HPLC method used for this analysis was based on the method reported by Kutchta et 
al. (2012).  Initial replication of the Kuchta et al. method gave a poor retention time for leonurine 
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in the Kinetex C-18 column at low pH.  Documentation provided with the leonurine reference 
standard (85% purity; Phytolab, Germany) recommended the use of a high-pH mobile phase to 
reduce the polarity of leonurine and improve retention time.  Experimentation with extraction 
solvent ratios from 0 to 100% methanol indicated that a ratio of methanol:water (75:25, v/v) was 
optimal for extraction of leonurine.  
Samples of dried Leonurus leaf were ground to a powder and sifted through a 0.5 mm 
brass mesh sieve. Next, 0.50g of each sample was weighed and placed into a conical PTFE tube 
for extraction with 5ml of a mixture of 75% methanol, 25% water. All solvents used were HPLC 
grade, supplied by Sigma-Aldrich (St. Louis, MO). The samples were vortexed and sonicated at 
room temperature for ten minutes, centrifuged at 21,500 x g for five minutes. The supernatant 
was collected and an additional three ml of the methanol solution was added to the residual plant 
material.  The procedure was repeated for a total of three extractions, which were combined.  500 
µl of each sample was diluted with 4500µl of mobile phase A (10% MeOH, 90% H2O with 2.0 
g/L HNa2PO4 at pH 11) and then filtered using PK50 Iso-Disc PVDF-13-4 13MM X 0.45uM 
syringe filters (Sigma-Aldrich, St Louis, MO) into the 1.5mL screw-top amber glass autosampler 
vials (Sigma-Aldrich, St Louis, MO) fitted with screw caps with PTFE/silicone septums (Sigma-
Aldrich, St Louis, MO). 
Spike/recovery samples were prepared by adding 25, 50, or 75µl of the 100µg/ml 
leonurine HCl standard in MeOH to 500 µl of three randomly selected samples. The samples 
were then diluted with 4475, 4450, or 4425 µl of mobile phase A, respectively. Standard curves 
for leonurine were made using, 5, 15.625, 31.25, 62.5, and 125 µg/ml solutions that were adjusted 
for the reported purity of leonurine in the reference material. The range of linearity was 
established by best-fit regression (R2 ≥ 0.995).  
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4.2.4  HPLC Instrumentation and Analysis  
Prepared analytical samples were analyzed using a model LC-20AD Prominence liquid 
chromatograph fitted with a DGU-20A 5R degassing unit, SIL-20A HT Prominence autosampler, 
CBM-20A communications business model, SPD-M20A Prominence diode array detector and 
CTO-20A Prominence column oven (all Shimadzu, Japan).  10µl of each sample was injected in 
triplicate onto a 150 mm × 3 mm i.d., 5 μm, Kinetex Evo C-18 100A column (Phenomenex, 
Torrance, CA) fitted with a Security Guard ULTRA UHPLC EVO C18 guard column 
(Phenomenex, Torrance, CA). Column temperature was set at 30°C. The mobile phases used 
were 10% MeOH, 90% H2O with 2.0 g/L HNa2PO4 at pH 11 (mobile phase A) and 90% MeOH, 
10% H2O with 2.0 g/L HNa2PO4 at pH 11 (mobile phase B).  A gradient flow (1.0 mL/min) 
of 100% mobile phase A was used as the starting condition. Mobile phase A was held at 100% 
for 3 min before linearly decreasing to 0% by 18 min. After holding at 0% for another 1 min, the 
column was re-equilibrated to 100% mobile phase A over 2 min and held for a further 4 min 
before the next injection.  Eluate from the column was monitored using a SPD-M20A 
Prominence diode array detector (Shimadzu, Japan), with target wavelength of 325nm.  
Analysis of variance and post hoc pairwise comparisons were completed using Minitab 
18 (Minitab, State College, PA).  
4.3 Results  
Soil amendment with 100 or 200 kg/ha of nitrogen significantly increased the leonurine 
concentration in Leonurus plant material as compared to the untreated control.  L. sibiricus had 
higher concentrations of leonurine at all levels of treatment than L. japonicus (Figure 15).   
L. sibiricus amended with 200 kg/ha of N had the highest concentration of leonurine, a 
concentration only slightly lower than in the imported commercial samples that were analyzed 
(Table 18).  
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As reported in Chapter 2 and elsewhere (Gardner et al. 2015), increasing levels of 
nitrogen fertilizer application yielded both increased plant material and increased concentrations 
of leonurine, suggesting that levels of nitrogen fertilizer over 200 kg/ha may yield higher levels of 
leonurine and of plant growth. Additional studies are needed to determine the maximum level of 
nitrogen for luxury consumption, and the level above which nitrogen is toxic to these Leonurus 
species and causes a decrease in yield.  
A two-way ANOVA of the effect of nitrogen and Leonurus species on the levels of the 
compound leonurine in dried plant material indicated highly significant effects of nitrogen 
treatment level (P=0.000) and species (P=0.000). The interaction of nitrogen and species was also 
significant (P=0.012) (Table 19).  
One-way ANOVAs for each species analyzed separately showed a highly significant 
effect of nitrogen level on leonurine content in the dried plant material (Table 20, Table 21, Table 
22, Table 23).  
 4.4 Discussion 
These results are in alignment with studies of nitrogen fertilizer on alkaloids in Datura 
innoxia, in which increased nitrogen levels lead to increased alkaloid content (Al-Humaid 2004).  
Datura (Datura innoxia Mill.) plants treated with 0 to 800 kg/ha of a standard fertilizer (N,P,K) 
were observed to have increased levels of the alkaloids hyoscyamine and scopolamine at fertilizer 
rates up to 600 kg/ha, with reduced rates of these compounds at higher levels (Al-Humaid 2004).  
In giant pinwheel flower (Tabernaemontana pachysiphon Stapf), low nutrient supply resulted in 
higher proportions of leaf nitrogen being allocated to alkaloids than at moderate or high nutrient 
supply (Höft et al. 1996).  
A study of the carbon/nutrient balance (CNB) hypothesis tested application of nitrogen 
on caffeine and total alkaloid content in Ilex vomitoria Aiton.  Plants amended with 250 mg of 
nitrogen per week for four weeks had caffeine and total alkaloid concentrations that were 5-10 
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times higher than untreated controls (Palumbo et al. 2007). The carbon/nutrient balance 
hypothesis is used to explain the effects of nutrient availability on the concentration of secondary 
metabolites. The CNB hypothesis states that plants allot carbon and nitrogen to secondary 
metabolism only after growth requirements are met and that growth is constrained more by 
nutrient limitations than by photosynthesis.  Thus, according to the CNB hypothesis, production 
of nitrogen-based secondary metabolites, such as alkaloids, should increase as nitrogen is 
acquired in excess of growth requirements (Palumbo et al. 2007; Herms and Mattson). 
Further research is warranted to explore whether higher levels of nitrogen and other 
amendments could produce levels of leonurine the same as or greater than imported material. 
Studies from China suggest that the micronutrients manganese, copper, boron, zinc, and iron 
applied together produced a significant increase in total alkaloid levels (Xu et al. 2000; Zhaoxing 
and Yan 2008).  Combinations of these nutrients, along with higher levels of nitrogen could result 
in higher alkaloid concentrations in Leonurus spp.  
4.5 Tables and Figures 
Table 18. Average leonurine concentration of plant extract 
 L. japonicus 
(mg/L) 
L. sibiricus 
(mg/L) 
0 kg/ha 1.06 1.69 
100 kg/ha 1.70 2.63 
200 kg/ha 2.87 3.21 
Commercial 
samples* 3.24 
*Species unknown 
 
 
 
Table 19.  Two-way analysis of variance for nitrogen level and species 
Source DF Adj SS Adj MS F-Value P-Value 
  Nitrogen_level 2 25.0017 12.500 161.68 0.000 
  Species 1 5.3960 5.3960 69.79 0.000 
  Nitrogen_level*Species 2 0.7502 0.3751 4.85 0.012 
Error 48 3.7112 0.0773       
Total 53 34.8592          
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Table 20.  One-way analysis of variance for L. japonicus 
Source DF Adj SS Adj MS F-Value P-Value 
N level 2 15.056 7.52789 106.76 0.000 
Error 24 1.692 0.07051       
Total 26 16.748          
 
 
Table 21.  Groupings of L. japonicus from the Tukey test with 95% confidence 
N level N Mean Grouping 
0 9 1.059 A       
100 9 1.710    B    
200 9 2.865       C 
Means that do not share a letter are significantly different. 
 
 
Table 22. One-way analysis of variance for L. sibiricus 
Source DF Adj SS  Adj MS F-Value P-Value 
N level 2 10.696  5.34809 63.58 0.000 
Error 24 2.019  0.08412       
Total 26 12.715           
 
 
Table 23. Groupings of L. sibiricus from the Tukey test with 95% confidence 
N level N Mean Grouping 
0 9 1.686  A     
100 9 2.634       B    
200 9 3.212   C 
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 Figure 15.  Boxplot of leonurine concentration in L. japonicus and L. sibiricus 
treated with 0, 100, or 200 kg/ha of N. 
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APPENDIX A 
 
ORIGINAL DATA SUPPLEMENT TO CHAPTER 2 
 
Table A1.  Fresh and dry weights of A. rugosa from field plots amended with 0, 100, or 
200 kg/ha of nitrogen  
Species Year 
Nitrogen 
level* 
 
Rep 
Plant 
location 
in plot 
Plot 
# 
Fresh 
weight 
(g)  
Dry 
weight 
(g) 
A. rugosa 2008 N1 1 A 16 54.6 13.8 
A. rugosa 2008 N1 1 B 16 73.2 16.7 
A. rugosa 2008 N1 1 C 16 51.8 11.2 
A. rugosa 2008 N1 1 D 16 180.5 38.1 
A. rugosa 2008 N1 1 E 16 101.2 22.0 
A. rugosa 2008 N1 1 F 16 62.0 14.9 
A. rugosa 2008 N1 2 A 18 69.4 18.2 
A. rugosa 2008 N1 2 B 18 106.2 26.7 
A. rugosa 2008 N1 2 C 18 68.1 16.4 
A. rugosa 2008 N1 2 D 18 79.2 21.1 
A. rugosa 2008 N1 2 E 18 126.6 30.9 
A. rugosa 2008 N1 2 F 18 98.8 22.0 
A. rugosa 2008 N1 3 A 22 157.7 35.1 
A. rugosa 2008 N1 3 B 22 196.1 42.9 
A. rugosa 2008 N1 3 C 22 163.6 37.2 
A. rugosa 2008 N1 3 D 22 186.4 38.3 
A. rugosa 2008 N1 3 E 22 125.3 27.9 
A. rugosa 2008 N1 3 F 22 153.3 35.3 
A. rugosa 2008 N2 1 A 6 413.7 76.2 
A. rugosa 2008 N2 1 B 6 296.2 58.1 
A. rugosa 2008 N2 1 C 6 161.8 29.5 
A. rugosa 2008 N2 1 D 6 297.8 54.5 
A. rugosa 2008 N2 1 E 6 146.0 29.2 
A. rugosa 2008 N2 1 F 6 275.7 53.4 
A. rugosa 2008 N2 2 A 25 288.6 58.5 
A. rugosa 2008 N2 2 B 25 252.8 71.1 
A. rugosa 2008 N2 2 C 25 312.5 59.5 
A. rugosa 2008 N2 2 D 25 182.7 37.5 
A. rugosa 2008 N2 2 E 25 234.0 44.2 
A. rugosa 2008 N2 2 F 25 293.3 53.6 
A. rugosa 2008 N2 3 A 35 211.8 44.3 
A. rugosa 2008 N2 3 B 35 241.4 48.1 
A. rugosa 2008 N2 3 C 35 258.4 54.6 
A. rugosa 2008 N2 3 D 35 182.3 35.4 
A. rugosa 2008 N2 3 E 35 247.1 54.0 
A. rugosa 2008 N2 3 F 35 178.1 39.0 
A. rugosa 2008 N3 1 A 12 239.6 40.5 
A. rugosa 2008 N3 1 B 12 400.3 76.3 
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A. rugosa 2008 N3 1 C 12 261.1 54.7 
A. rugosa 2008 N3 1 D 12 260.3 49.9 
A. rugosa 2008 N3 1 E 12 252.8 47.7 
A. rugosa 2008 N3 1 F 12 189.9 37.6 
A. rugosa 2008 N3 2 A 15 235.7 46.0 
A. rugosa 2008 N3 2 B 15 319.4 52.2 
A. rugosa 2008 N3 2 C 15 315.1 54.7 
A. rugosa 2008 N3 2 D 15 121.4 24.5 
A. rugosa 2008 N3 2 E 15 187.7 36.6 
A. rugosa 2008 N3 2 F 15 221.0 44.0 
A. rugosa 2008 N3 3 A 19 257.8 56.9 
A. rugosa 2008 N3 3 B 19 236.4 44.5 
A. rugosa 2008 N3 3 C 19 204.1 42.9 
A. rugosa 2008 N3 3 D 19 244.8 42.7 
A. rugosa 2008 N3 3 E 19 248.1 48.1 
A. rugosa 2008 N3 3 F 19 349.5 71.0 
A. rugosa 2009 N1 1 A 40 105.7 26.0 
A. rugosa 2009 N1 1 B 40 78.6 18.7 
A. rugosa 2009 N1 1 C 40 98.8 26.6 
A. rugosa 2009 N1 1 D 40 88.3 22.1 
A. rugosa 2009 N1 1 E 40 122.1 29.4 
A. rugosa 2009 N1 1 F 40 119.0 27.9 
A. rugosa 2009 N1 2 A 59 89.0 20.7 
A. rugosa 2009 N1 2 B 59 68.6 16.5 
A. rugosa 2009 N1 2 C 59 75.3 16.7 
A. rugosa 2009 N1 2 D 59 83.5 17.6 
A. rugosa 2009 N1 2 E 59 72.4 17.4 
A. rugosa 2009 N1 2 F 59 75.2 18.6 
A. rugosa 2009 N1 3 A 68 66.8 18.1 
A. rugosa 2009 N1 3 B 68 60.4 10.3 
A. rugosa 2009 N1 3 C 68 93.1 23.2 
A. rugosa 2009 N1 3 D 68 87.7 23.1 
A. rugosa 2009 N1 3 E 68 51.2 13.4 
A. rugosa 2009 N1 3 F 68 54.0 13.7 
A. rugosa 2009 N2 1 A 64 164.6 42.2 
A. rugosa 2009 N2 1 B 64 119.9 30.2 
A. rugosa 2009 N2 1 C 64 149.0 31.2 
A. rugosa 2009 N2 1 D 64 159.1 36.0 
A. rugosa 2009 N2 1 E 64 160.3 35.0 
A. rugosa 2009 N2 1 F 64 131.1 30.9 
A. rugosa 2009 N2 2 A 66 78.7 21.4 
A. rugosa 2009 N2 2 B 66 128.1 34.2 
A. rugosa 2009 N2 2 C 66 163.4 41.0 
A. rugosa 2009 N2 2 D 66 99.7 28.4 
A. rugosa 2009 N2 2 E 66 128.4 36.3 
A. rugosa 2009 N2 2 F 66 89.1 25.3 
A. rugosa 2009 N2 3 A 69 126.3 30.1 
A. rugosa 2009 N2 3 B 69 150.4 38.0 
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A. rugosa 2009 N2 3 C 69 114.4 29.0 
A. rugosa 2009 N2 3 D 69 184.6 39.6 
A. rugosa 2009 N2 3 E 69 139.8 30.7 
A. rugosa 2009 N2 3 F 69 94.6 23.4 
A. rugosa 2009 N3 1 A 38 152.7 27.1 
A. rugosa 2009 N3 1 B 38 302.5 53.3 
A. rugosa 2009 N3 1 C 38 253.8 52.6 
A. rugosa 2009 N3 1 D 38 428.3 76.0 
A. rugosa 2009 N3 1 E 38 217.5 38.7 
A. rugosa 2009 N3 1 F 38 86.7 19.9 
A. rugosa 2009 N3 2 A 58 193.9 35.5 
A. rugosa 2009 N3 2 B 58 218.0 42.2 
A. rugosa 2009 N3 2 C 58 191.2 37.0 
A. rugosa 2009 N3 2 D 58 193.0 38.2 
A. rugosa 2009 N3 2 E 58 98.0 22.2 
A. rugosa 2009 N3 2 F 58 103.3 19.1 
A. rugosa 2009 N3 3 A 67 164.7 33.5 
A. rugosa 2009 N3 3 B 67 281.6 61.5 
A. rugosa 2009 N3 3 C 67 198.8 46.1 
A. rugosa 2009 N3 3 D 67 180.4 42.4 
A. rugosa 2009 N3 3 E 67 88.9 18.1 
A. rugosa 2009 N3 3 F 67 135.1 33.2 
A. rugosa 2010 N1 1 A 77 106.6 27.2 
A. rugosa 2010 N1 1 B 77 228.4 64.1 
A. rugosa 2010 N1 1 C 77 175.7 44.0 
A. rugosa 2010 N1 1 D 77 55.0 12.8 
A. rugosa 2010 N1 1 E 77 145.8 35.0 
A. rugosa 2010 N1 1 F 77 159.7 34.9 
A. rugosa 2010 N1 2 A 95 130.7 31.0 
A. rugosa 2010 N1 2 B 95 120.9 26.4 
A. rugosa 2010 N1 2 C 95 136.6 30.4 
A. rugosa 2010 N1 2 D 95 224.4 59.8 
A. rugosa 2010 N1 2 E 95 196.5 50.9 
A. rugosa 2010 N1 2 F 95 174.0 43.7 
A. rugosa 2010 N1 3 A 98 197.8 47.7 
A. rugosa 2010 N1 3 B 98 266.8 66.4 
A. rugosa 2010 N1 3 C 98 225.0 57.0 
A. rugosa 2010 N1 3 D 98 144.4 36.5 
A. rugosa 2010 N1 3 E 98 144.3 34.2 
A. rugosa 2010 N1 3 F 98 225.8 51.8 
A. rugosa 2010 N2 1 A 78 285.4 60.8 
A. rugosa 2010 N2 1 B 78 216.7 50.1 
A. rugosa 2010 N2 1 C 78 291.0 62.9 
A. rugosa 2010 N2 1 D 78 195.1 41.1 
A. rugosa 2010 N2 1 E 78 217.2 48.3 
A. rugosa 2010 N2 1 F 78 304.6 69.7 
A. rugosa 2010 N2 2 A 87 276.9 60.6 
A. rugosa 2010 N2 2 B 87 113.3 29.8 
  56 
A. rugosa 2010 N2 2 C 87 227.5 55.3 
A. rugosa 2010 N2 2 D 87 214.7 56.2 
A. rugosa 2010 N2 2 E 87 187.8 46.6 
A. rugosa 2010 N2 2 F 87 218.7 54.6 
A. rugosa 2010 N2 3 A 107 283.9 67.0 
A. rugosa 2010 N2 3 B 107 219.6 57.9 
A. rugosa 2010 N2 3 C 107 214.7 48.2 
A. rugosa 2010 N2 3 D 107 210.6 47.7 
A. rugosa 2010 N2 3 E 107 124.1 30.8 
A. rugosa 2010 N2 3 F 107 182.7 43.7 
A. rugosa 2010 N3 1 A 75 334.3 81.3 
A. rugosa 2010 N3 1 B 75 281.0 64.9 
A. rugosa 2010 N3 1 C 75 234.6 54.9 
A. rugosa 2010 N3 1 D 75 268.3 61.2 
A. rugosa 2010 N3 1 E 75 201.1 46.7 
A. rugosa 2010 N3 1 F 75 303.6 68.9 
A. rugosa 2010 N3 2 A 88 118.5 27.6 
A. rugosa 2010 N3 2 B 88 89.9 21.8 
A. rugosa 2010 N3 2 C 88 192.9 44.8 
A. rugosa 2010 N3 2 D 88 269.6 59.5 
A. rugosa 2010 N3 2 E 88 297.6 67.9 
A. rugosa 2010 N3 2 F 88 358.3 86.3 
A. rugosa 2010 N3 3 A 106 200.8 41.2 
A. rugosa 2010 N3 3 B 106     
A. rugosa 2010 N3 3 C 106 219.1 47.5 
A. rugosa 2010 N3 3 D 106 291.5 64.7 
A. rugosa 2010 N3 3 E 106 432.4 95.2 
A. rugosa 2010 N3 3 F 106 399.3 84.6 
*N1=0kg/ha, N2=100kg/ha, N3=200kg/ha 
 
Table A2. Fresh and dry weights of S. tenuifolia from field plots amended with 0, 100, or 
200 kg/ha of nitrogen  
Species Year 
Nitrogen 
level* Rep 
Plant 
location 
in plot 
Plot 
# 
Fresh 
weight 
(g)  
Dry 
weight 
(g) 
S. tenuifolia 2008 N1 1 A 7 72.2 23.1 
S. tenuifolia 2008 N1 1 B 7 93.8 26.6 
S. tenuifolia 2008 N1 1 C 7 99.2 27.1 
S. tenuifolia 2008 N1 1 D 7 65.5 22.1 
S. tenuifolia 2008 N1 1 E 7 126.8 41.4 
S. tenuifolia 2008 N1 1 F 7 118.5 35.1 
S. tenuifolia 2008 N1 2 A 26 63.5 12.8 
S. tenuifolia 2008 N1 2 B 26 31.3 9.1 
S. tenuifolia 2008 N1 2 C 26 55.4 13.6 
S. tenuifolia 2008 N1 2 D 26 70.2 18.2 
S. tenuifolia 2008 N1 2 E 26 84.7 21.7 
S. tenuifolia 2008 N1 2 F 26 x x 
S. tenuifolia 2008 N1 3 A 36 87.1 22.4 
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S. tenuifolia 2008 N1 3 B 36 131.5 35.4 
S. tenuifolia 2008 N1 3 C 36 138.4 39.7 
S. tenuifolia 2008 N1 3 D 36 117.8 35.7 
S. tenuifolia 2008 N1 3 E 36 120.0 33.9 
S. tenuifolia 2008 N1 3 F 36 149.1 52.5 
S. tenuifolia 2008 N2 1 A 3 x x 
S. tenuifolia 2008 N2 1 B 3 99.9 33.5 
S. tenuifolia 2008 N2 1 C 3 161.8 49.2 
S. tenuifolia 2008 N2 1 D 3 157.7 48.7 
S. tenuifolia 2008 N2 1 E 3 174.5 60.5 
S. tenuifolia 2008 N2 1 F 3 132.8 45.8 
S. tenuifolia 2008 N2 2 A 24 135.8 35.5 
S. tenuifolia 2008 N2 2 B 24 189.8 53.3 
S. tenuifolia 2008 N2 2 C 24 193.7 53.7 
S. tenuifolia 2008 N2 2 D 24 160.8 70.6 
S. tenuifolia 2008 N2 2 E 24 152.5 54.6 
S. tenuifolia 2008 N2 2 F 24 128.6 47.6 
S. tenuifolia 2008 N2 3 A 32 171.1 57.0 
S. tenuifolia 2008 N2 3 B 32 83.8 23.9 
S. tenuifolia 2008 N2 3 C 32 218.0 62.2 
S. tenuifolia 2008 N2 3 D 32 141.6 40.6 
S. tenuifolia 2008 N2 3 E 32 100.0 32.8 
S. tenuifolia 2008 N2 3 F 32 172.0 51.3 
S. tenuifolia 2008 N3 1 A 1 x x 
S. tenuifolia 2008 N3 1 B 1 x x 
S. tenuifolia 2008 N3 1 C 1 191.1 50.9 
S. tenuifolia 2008 N3 1 D 1 157.8 
 
S. tenuifolia 2008 N3 1 E 1 147.8 91.1 
S. tenuifolia 2008 N3 1 F 1 x x 
S. tenuifolia 2008 N3 2 A 8 114.3 36.2 
S. tenuifolia 2008 N3 2 B 8 194.8 55.5 
S. tenuifolia 2008 N3 2 C 8 38.9 35.1 
S. tenuifolia 2008 N3 2 D 8 184.9 65.2 
S. tenuifolia 2008 N3 2 E 8 142.6 45.1 
S. tenuifolia 2008 N3 2 F 8 155.8 49.8 
S. tenuifolia 2008 N3 3 A 10 188.2 55.7 
S. tenuifolia 2008 N3 3 B 10 189.4 62.4 
S. tenuifolia 2008 N3 3 C 10 141.7 49.4 
S. tenuifolia 2008 N3 3 D 10 176.3 53.5 
S. tenuifolia 2008 N3 3 E 10 134.4 46.4 
S. tenuifolia 2008 N3 3 F 10 116.5 34.3 
S. tenuifolia 2009 N1 1 A 39 142.1 40.8 
S. tenuifolia 2009 N1 1 B 39 109.2 29.5 
S. tenuifolia 2009 N1 1 C 39 22.8 7.3 
S. tenuifolia 2009 N1 1 D 39 160.9 47.7 
S. tenuifolia 2009 N1 1 E 39 170.9 53.4 
S. tenuifolia 2009 N1 1 F 39 134.7 41.0 
S. tenuifolia 2009 N1 2 A 56 165.9 47.9 
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S. tenuifolia 2009 N1 2 B 56 112.5 32.6 
S. tenuifolia 2009 N1 2 C 56 159.4 47.0 
S. tenuifolia 2009 N1 2 D 56 146.5 31.9 
S. tenuifolia 2009 N1 2 E 56 55.5 29.9 
S. tenuifolia 2009 N1 2 F 56 36.2 20.2 
S. tenuifolia 2009 N1 3 A 70 57.4 17.1 
S. tenuifolia 2009 N1 3 B 70 113.9 35.9 
S. tenuifolia 2009 N1 3 C 70 51.2 21.5 
S. tenuifolia 2009 N1 3 D 70 68.4 20.7 
S. tenuifolia 2009 N1 3 E 70 79.4 23.1 
S. tenuifolia 2009 N1 3 F 70 94.0 28.4 
S. tenuifolia 2009 N2 1 A 43 180.9 67.9 
S. tenuifolia 2009 N2 1 B 43 331.4 107.0 
S. tenuifolia 2009 N2 1 C 43 219.7 70.6 
S. tenuifolia 2009 N2 1 D 43 139.7 47.3 
S. tenuifolia 2009 N2 1 E 43 190.0 46.1 
S. tenuifolia 2009 N2 1 F 43 181.8 98.5 
S. tenuifolia 2009 N2 2 A 57 137.9 32.0 
S. tenuifolia 2009 N2 2 B 57 172.7 51.4 
S. tenuifolia 2009 N2 2 C 57 259.4 73.0 
S. tenuifolia 2009 N2 2 D 57 211.7 56.6 
S. tenuifolia 2009 N2 2 E 57 170.4 47.2 
S. tenuifolia 2009 N2 2 F 57 255.2 77.1 
S. tenuifolia 2009 N2 3 A 63 246.6 79.4 
S. tenuifolia 2009 N2 3 B 63 134.0 42.4 
S. tenuifolia 2009 N2 3 C 63 188.7 56.2 
S. tenuifolia 2009 N2 3 D 63 290.1 87.9 
S. tenuifolia 2009 N2 3 E 63 174.9 62.0 
S. tenuifolia 2009 N2 3 F 63 188.2 50.8 
S. tenuifolia 2009 N3 1 A 42 20.6 6.6 
S. tenuifolia 2009 N3 1 B 42 453.8 81.9 
S. tenuifolia 2009 N3 1 C 42 361.5 105.9 
S. tenuifolia 2009 N3 1 D 42 338.9 104.9 
S. tenuifolia 2009 N3 1 E 42 106.4 31.0 
S. tenuifolia 2009 N3 1 F 42 322.2 112.2 
S. tenuifolia 2009 N3 2 A 45 287.1 79.6 
S. tenuifolia 2009 N3 2 B 45 197.0 67.9 
S. tenuifolia 2009 N3 2 C 45 119.0 30.2 
S. tenuifolia 2009 N3 2 D 45 393.3 100.9 
S. tenuifolia 2009 N3 2 E 45 265.9 66.9 
S. tenuifolia 2009 N3 2 F 45 267.0 87.7 
S. tenuifolia 2009 N3 3 A 51 250.4 68.0 
S. tenuifolia 2009 N3 3 B 51 74.5 21.9 
S. tenuifolia 2009 N3 3 C 51 230.1 58.8 
S. tenuifolia 2009 N3 3 D 51 275.8 87.4 
S. tenuifolia 2009 N3 3 E 51 x x 
S. tenuifolia 2009 N3 3 F 51 130.6 95.3 
S. tenuifolia 2010 N1 1 A 74 68.2 18.6 
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S. tenuifolia 2010 N1 1 B 74 104.3 28.3 
S. tenuifolia 2010 N1 1 C 74 77.7 21.9 
S. tenuifolia 2010 N1 1 D 74 112.8 30.0 
S. tenuifolia 2010 N1 1 E 74 124.5 35.9 
S. tenuifolia 2010 N1 1 F 74 113.7 31.4 
S. tenuifolia 2010 N1 2 A 96 105.5 28.0 
S. tenuifolia 2010 N1 2 B 96 82.2 25.1 
S. tenuifolia 2010 N1 2 C 96 x x 
S. tenuifolia 2010 N1 2 D 96 80.6 23.8 
S. tenuifolia 2010 N1 2 E 96 108.8 29.0 
S. tenuifolia 2010 N1 2 F 96 99.7 31.2 
S. tenuifolia 2010 N1 3 A 97 111.9 31.7 
S. tenuifolia 2010 N1 3 B 97 67.2 20.6 
S. tenuifolia 2010 N1 3 C 97 65.3 17.8 
S. tenuifolia 2010 N1 3 D 97 75.6 23.4 
S. tenuifolia 2010 N1 3 E 97 51.7 14.5 
S. tenuifolia 2010 N1 3 F 97 50.5 14.5 
S. tenuifolia 2010 N2 1 A 82 196.6 52.7 
S. tenuifolia 2010 N2 1 B 82 168.3 46.6 
S. tenuifolia 2010 N2 1 C 82 133.5 36.7 
S. tenuifolia 2010 N2 1 D 82 126.1 35.4 
S. tenuifolia 2010 N2 1 E 82 200.6 51.3 
S. tenuifolia 2010 N2 1 F 82 151.9 42.7 
S. tenuifolia 2010 N2 2 A 93 114.9 30.1 
S. tenuifolia 2010 N2 2 B 93 193.8 55.9 
S. tenuifolia 2010 N2 2 C 93 156.9 42.4 
S. tenuifolia 2010 N2 2 D 93 151.8 40.7 
S. tenuifolia 2010 N2 2 E 93 152.3 41.7 
S. tenuifolia 2010 N2 2 F 93 99.6 27.3 
S. tenuifolia 2010 N2 3 A 105 153.5 43.6 
S. tenuifolia 2010 N2 3 B 105 153.8 42.4 
S. tenuifolia 2010 N2 3 C 105 x x 
S. tenuifolia 2010 N2 3 D 105 258.9 81.3 
S. tenuifolia 2010 N2 3 E 105 108.3 34.6 
S. tenuifolia 2010 N2 3 F 105 179.9 56.4 
S. tenuifolia 2010 N3 1 A 79 30.8 10.4 
S. tenuifolia 2010 N3 1 B 79 116.7 38.6 
S. tenuifolia 2010 N3 1 C 79 133.2 38.0 
S. tenuifolia 2010 N3 1 D 79 105.3 28.1 
S. tenuifolia 2010 N3 1 E 79 41.0 9.7 
S. tenuifolia 2010 N3 1 F 79 33.3 9.7 
S. tenuifolia 2010 N3 2 A 92 128.2 32.2 
S. tenuifolia 2010 N3 2 B 92 55.4 15.0 
S. tenuifolia 2010 N3 2 C 92 156.9 39.9 
S. tenuifolia 2010 N3 2 D 92 201.2 54.5 
S. tenuifolia 2010 N3 2 E 92 198.6 58.7 
S. tenuifolia 2010 N3 2 F 92 140.7 42.4 
S. tenuifolia 2010 N3 3 A 103 197.9 59.9 
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S. tenuifolia 2010 N3 3 B 103 162.6 43.1 
S. tenuifolia 2010 N3 3 C 103 166.7 50.5 
S. tenuifolia 2010 N3 3 D 103 212.3 60.3 
S. tenuifolia 2010 N3 3 E 103 170.2 44.3 
S. tenuifolia 2010 N3 3 F 103 179.3 48.6 
*N1=0kg/ha, N2=100kg/ha, N3=200kg/ha 
 
 
Table A3. Fresh and dry weights of L. japonicus from field plots amended with 0, 100, or 
200 kg/ha of nitrogen  
Species Year 
Nitrogen 
level Rep 
Plant 
location 
in plot 
Plot 
# 
Fresh 
weight 
(g)  
Dry 
weight 
(g) 
L. japonicus 2008 N1 1 A 2 294.8 55.1 
L. japonicus 2008 N1 1 B 2 275.1 51.9 
L. japonicus 2008 N1 1 C 2 219.1 47.2 
L. japonicus 2008 N1 1 D 2 343.2 65.3 
L. japonicus 2008 N1 1 E 2 275.9 58.4 
L. japonicus 2008 N1 1 F 2 186.4 39.3 
L. japonicus 2008 N1 2 A 9 250.3 50.2 
L. japonicus 2008 N1 2 B 9 280.6 58.6 
L. japonicus 2008 N1 2 C 9 369.3 71.2 
L. japonicus 2008 N1 2 D 9 267.9 50.4 
L. japonicus 2008 N1 2 E 9 302.9 59.2 
L. japonicus 2008 N1 2 F 9 218.5 49.3 
L. japonicus 2008 N1 3 A 31 279.5 53.9 
L. japonicus 2008 N1 3 B 31 208.9 42.4 
L. japonicus 2008 N1 3 C 31 221.5 40.2 
L. japonicus 2008 N1 3 D 31 292.9 52.6 
L. japonicus 2008 N1 3 E 31 267.2 49.7 
L. japonicus 2008 N1 3 F 31 377.9 63.0 
L. japonicus 2008 N2 1 A 13 198.2 36.8 
L. japonicus 2008 N2 1 B 13 322.7 54.8 
L. japonicus 2008 N2 1 C 13 220.5 35.0 
L. japonicus 2008 N2 1 D 13 414.4 68.8 
L. japonicus 2008 N2 1 E 13 351.4 58.8 
L. japonicus 2008 N2 1 F 13 118.9 19.5 
L. japonicus 2008 N2 2 A 20 416.8 80.4 
L. japonicus 2008 N2 2 B 20 500.3 86.2 
L. japonicus 2008 N2 2 C 20 569.4 72.9 
L. japonicus 2008 N2 2 D 20 435.9 74.0 
L. japonicus 2008 N2 2 E 20 466.2 72.1 
L. japonicus 2008 N2 2 F 20 412.5 77.2 
L. japonicus 2008 N2 3 A 23 361.9 68.1 
L. japonicus 2008 N2 3 B 23 386.7 68.6 
L. japonicus 2008 N2 3 C 23 369.1 67.5 
L. japonicus 2008 N2 3 D 23 295.6 52.4 
L. japonicus 2008 N2 3 E 23 366.4 59.5 
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L. japonicus 2008 N2 3 F 23 605.2 x 
L. japonicus 2008 N3 1 A 14 526.5 83.0 
L. japonicus 2008 N3 1 B 14 326.8 57.8 
L. japonicus 2008 N3 1 C 14 385.9 65.2 
L. japonicus 2008 N3 1 D 14 400.4 73.6 
L. japonicus 2008 N3 1 E 14 333.6 59.6 
L. japonicus 2008 N3 1 F 14 431.3 72.4 
L. japonicus 2008 N3 2 A 30 471.5 68.9 
L. japonicus 2008 N3 2 B 30 353.0 61.1 
L. japonicus 2008 N3 2 C 30 147.4 70.0 
L. japonicus 2008 N3 2 D 30 143.4 23.1 
L. japonicus 2008 N3 2 E 30 209.8 35.6 
L. japonicus 2008 N3 2 F 30 243.9 45.0 
L. japonicus 2008 N3 3 A 34 575.5 85.2 
L. japonicus 2008 N3 3 B 34 526.6 79.9 
L. japonicus 2008 N3 3 C 34 714.4 96.2 
L. japonicus 2008 N3 3 D 34 355.8 58.5 
L. japonicus 2008 N3 3 E 34 811.6 115.0 
L. japonicus 2008 N3 3 F 34 576.4 94.0 
L. japonicus 2009 N1 1 A 48 63.9 12.1 
L. japonicus 2009 N1 1 B 48 101.4 17.5 
L. japonicus 2009 N1 1 C 48 122.0 22.1 
L. japonicus 2009 N1 1 D 48 82.7 14.5 
L. japonicus 2009 N1 1 E 48 68.3 12.0 
L. japonicus 2009 N1 1 F 48 104.2 17.5 
L. japonicus 2009 N1 2 A 49 68.8 12.0 
L. japonicus 2009 N1 2 B 49 35.6 7.0 
L. japonicus 2009 N1 2 C 49 41.9 7.5 
L. japonicus 2009 N1 2 D 49 53.2 8.8 
L. japonicus 2009 N1 2 E 49 51.0 8.4 
L. japonicus 2009 N1 2 F 49 70.5 12.6 
L. japonicus 2009 N1 3 A 55 130.9 23.9 
L. japonicus 2009 N1 3 B 55 75.5 14.9 
L. japonicus 2009 N1 3 C 55 119.0 22.0 
L. japonicus 2009 N1 3 D 55 47.4 11.5 
L. japonicus 2009 N1 3 E 55 96.4 20.7 
L. japonicus 2009 N1 3 F 55 85.5 16.3 
L. japonicus 2009 N2 1 A 37 206.3 28.9 
L. japonicus 2009 N2 1 B 37 251.3 36.7 
L. japonicus 2009 N2 1 C 37 158.5 24.7 
L. japonicus 2009 N2 1 D 37 138.6 17.4 
L. japonicus 2009 N2 1 E 37 98.8 24.6 
L. japonicus 2009 N2 1 F 37 95.3 15.9 
L. japonicus 2009 N2 2 A 65 131.1 21.1 
L. japonicus 2009 N2 2 B 65 197.5 32.7 
L. japonicus 2009 N2 2 C 65 242.2 39.3 
L. japonicus 2009 N2 2 D 65 142.1 23.4 
L. japonicus 2009 N2 2 E 65 144.9 25.4 
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L. japonicus 2009 N2 2 F 65 131.8 23.1 
L. japonicus 2009 N2 3 A 72 71.3 13.1 
L. japonicus 2009 N2 3 B 72 94.5 17.2 
L. japonicus 2009 N2 3 C 72 104.1 21.2 
L. japonicus 2009 N2 3 D 72 105.8 18.3 
L. japonicus 2009 N2 3 E 72 137.0 24.9 
L. japonicus 2009 N2 3 F 72 131.6 22.7 
L. japonicus 2009 N3 1 A 41 22.5 4.4 
L. japonicus 2009 N3 1 B 41 104.2 16.0 
L. japonicus 2009 N3 1 C 41 134.1 26.5 
L. japonicus 2009 N3 1 D 41 197.6 22.3 
L. japonicus 2009 N3 1 E 41 69.6 32.7 
L. japonicus 2009 N3 1 F 41 66.5 10.5 
L. japonicus 2009 N3 2 A 46 218.5 34.0 
L. japonicus 2009 N3 2 B 46 175.6 28.1 
L. japonicus 2009 N3 2 C 46 287.5 43.8 
L. japonicus 2009 N3 2 D 46 130.7 22.7 
L. japonicus 2009 N3 2 E 46 223.3 36.2 
L. japonicus 2009 N3 2 F 46 144.8 24.0 
L. japonicus 2009 N3 3 A 52 114.5 18.7 
L. japonicus 2009 N3 3 B 52 90.4 13.8 
L. japonicus 2009 N3 3 C 52 218.7 21.7 
L. japonicus 2009 N3 3 D 52 251.0 32.4 
L. japonicus 2009 N3 3 E 52 172.6 38.8 
L. japonicus 2009 N3 3 F 52 171.8 28.1 
L. japonicus 2010 N1 1 A 81 143.1 24.9 
L. japonicus 2010 N1 1 B 81 191.2 35.3 
L. japonicus 2010 N1 1 C 81 162.0 30.6 
L. japonicus 2010 N1 1 D 81 115.1 19.2 
L. japonicus 2010 N1 1 E 81 119.8 22.2 
L. japonicus 2010 N1 1 F 81 160.0 25.9 
L. japonicus 2010 N1 2 A 91 155.6 27.4 
L. japonicus 2010 N1 2 B 91 149.4 26.0 
L. japonicus 2010 N1 2 C 91 33.1 7.7 
L. japonicus 2010 N1 2 D 91 210.6 38.9 
L. japonicus 2010 N1 2 E 91 191.9 35.6 
L. japonicus 2010 N1 2 F 91 265.3 45.9 
L. japonicus 2010 N1 3 A 100 168.0 34.0 
L. japonicus 2010 N1 3 B 100 195.6 33.4 
L. japonicus 2010 N1 3 C 100 222.1 41.3 
L. japonicus 2010 N1 3 D 100 129.4 23.4 
L. japonicus 2010 N1 3 E 100 106.2 17.7 
L. japonicus 2010 N1 3 F 100 142.3 23.2 
L. japonicus 2010 N2 1 A 84 434.5 76.9 
L. japonicus 2010 N2 1 B 84 260.3 47.8 
L. japonicus 2010 N2 1 C 84 150.0 31.9 
L. japonicus 2010 N2 1 D 84 306.9 51.5 
L. japonicus 2010 N2 1 E 84 318.2 58.3 
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L. japonicus 2010 N2 1 F 84 197.9 39.9 
L. japonicus 2010 N2 2 A 85 206.9 39.6 
L. japonicus 2010 N2 2 B 85 189.3 32.9 
L. japonicus 2010 N2 2 C 85 188.0 37.1 
L. japonicus 2010 N2 2 D 85 142.8 24.4 
L. japonicus 2010 N2 2 E 85 120.5 23.1 
L. japonicus 2010 N2 2 F 85 222.4 40.9 
L. japonicus 2010 N2 3 A 99 178.6 33.2 
L. japonicus 2010 N2 3 B 99 322.2 59.5 
L. japonicus 2010 N2 3 C 99 233.2 45.5 
L. japonicus 2010 N2 3 D 99 278.1 48.5 
L. japonicus 2010 N2 3 E 99 227.5 38.6 
L. japonicus 2010 N2 3 F 99 297.6 49.5 
L. japonicus 2010 N3 1 A 83 353.5 64.7 
L. japonicus 2010 N3 1 B 83 420.1 71.8 
L. japonicus 2010 N3 1 C 83 326.8 55.4 
L. japonicus 2010 N3 1 D 83 341.2 58.6 
L. japonicus 2010 N3 1 E 83 386.3 65.4 
L. japonicus 2010 N3 1 F 83 389.3 67.3 
L. japonicus 2010 N3 2 A 94 486.6 82.4 
L. japonicus 2010 N3 2 B 94 187.4 32.8 
L. japonicus 2010 N3 2 C 94 565.2 93.7 
L. japonicus 2010 N3 2 D 94 353.3 61.2 
L. japonicus 2010 N3 2 E 94 425.5 75.5 
L. japonicus 2010 N3 2 F 94 354.4 59.3 
L. japonicus 2010 N3 3 A 104 91.1 14.4 
L. japonicus 2010 N3 3 B 104 365.5 62.5 
L. japonicus 2010 N3 3 C 104 473.8 88.1 
L. japonicus 2010 N3 3 D 104 487.8 83.1 
L. japonicus 2010 N3 3 E 104 109.7 16.3 
L. japonicus 2010 N3 3 F 104 290.8 45.6 
*N1=0kg/ha, N2=100kg/ha, N3=200kg/ha 
 
 
Table A4. Fresh and dry weights of L. japonicus from field plots amended with 0, 100, or 
200 kg/ha of nitrogen  
Species Year 
Nitrogen 
level Rep 
Plant 
location 
in plot 
Plot 
# 
Fresh 
weight 
(g)  
Dry 
weight 
(g) 
L. sibiricus  2008 N1 1 A 4  x x  
L. sibiricus  2008 N1 1 B 4 216.8 45.9 
L. sibiricus  2008 N1 1 C 4 274.2 58.2 
L. sibiricus  2008 N1 1 D 4 264.6 55.8 
L. sibiricus  2008 N1 1 E 4 190.4 42.1 
L. sibiricus  2008 N1 1 F 4 175.5 39.7 
L. sibiricus  2008 N1 2 A 5  x x  
L. sibiricus  2008 N1 2 B 5 190.7 46.5 
L. sibiricus  2008 N1 2 C 5 216.4 42.6 
L. sibiricus  2008 N1 2 D 5  x x  
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L. sibiricus  2008 N1 2 E 5 206.9 53.0 
L. sibiricus  2008 N1 2 F 5 237.3 51.0 
L. sibiricus  2008 N1 3 A 21 225.7 47.5 
L. sibiricus  2008 N1 3 B 21 231.9 49.0 
L. sibiricus  2008 N1 3 C 21 272.9 58.5 
L. sibiricus  2008 N1 3 D 21 211.0 43.3 
L. sibiricus  2008 N1 3 E 21 209.0 41.5 
L. sibiricus  2008 N1 3 F 21 279.2 61.5 
L. sibiricus  2008 N2 1 A 17 244.5 47.2 
L. sibiricus  2008 N2 1 B 17 236.3 49.2 
L. sibiricus  2008 N2 1 C 17 311.9 68.7 
L. sibiricus  2008 N2 1 D 17 289.7 62.0 
L. sibiricus  2008 N2 1 E 17 345.6 72.7 
L. sibiricus  2008 N2 1 F 17 259.8 55.6 
L. sibiricus  2008 N2 2 A 27 238.9 45.5 
L. sibiricus  2008 N2 2 B 27 190.4 32.8 
L. sibiricus  2008 N2 2 C 27 255.2 56.9 
L. sibiricus  2008 N2 2 D 27 31.1 59.1 
L. sibiricus  2008 N2 2 E 27 374.8 73.3 
L. sibiricus  2008 N2 2 F 27 197.1 55.6 
L. sibiricus  2008 N2 3 A 33 437.5 73.1 
L. sibiricus  2008 N2 3 B 33 289.5 58.0 
L. sibiricus  2008 N2 3 C 33 389.4 89.0 
L. sibiricus  2008 N2 3 D 33 301.3 62.5 
L. sibiricus  2008 N2 3 E 33 315.7 60.6 
L. sibiricus  2008 N2 3 F 33 378.6 82.8 
L. sibiricus  2008 N3 1 A 11 213.3 44.2 
L. sibiricus  2008 N3 1 B 11 463.4 86.8 
L. sibiricus  2008 N3 1 C 11 366.5 76.0 
L. sibiricus  2008 N3 1 D 11 257.8 53.8 
L. sibiricus  2008 N3 1 E 11 372.8 78.7 
L. sibiricus  2008 N3 1 F 11 359.6 71.9 
L. sibiricus  2008 N3 2 A 28 419.5 68.7 
L. sibiricus  2008 N3 2 B 28 390.5 67.9 
L. sibiricus  2008 N3 2 C 28 278.2 59.5 
L. sibiricus  2008 N3 2 D 28 453.2 86.3 
L. sibiricus  2008 N3 2 E 28 334.3 60.5 
L. sibiricus  2008 N3 2 F 28 330.0 64.8 
L. sibiricus  2008 N3 3 A 29 302.8 59.4 
L. sibiricus  2008 N3 3 B 29 395.0 76.6 
L. sibiricus  2008 N3 3 C 29 293.9 61.6 
L. sibiricus  2008 N3 3 D 29 394.5 73.9 
L. sibiricus  2008 N3 3 E 29 441.5 88.7 
L. sibiricus  2008 N3 3 F 29 421.1 79.2 
L. sibiricus  2009 N1 1 A 47 58.9 10.2 
L. sibiricus  2009 N1 1 B 47 89.0 15.8 
L. sibiricus  2009 N1 1 C 47 80.4 14.8 
L. sibiricus  2009 N1 1 D 47 113.2 20.2 
L. sibiricus  2009 N1 1 E 47 128.1 22.3 
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L. sibiricus  2009 N1 1 F 47 185.3 19.0 
L. sibiricus  2009 N1 2 A 50 73.3 15.0 
L. sibiricus  2009 N1 2 B 50 94.7 19.9 
L. sibiricus  2009 N1 2 C 50 122.5 23.4 
L. sibiricus  2009 N1 2 D 50 150.9 32.1 
L. sibiricus  2009 N1 2 E 50 116.8 20.3 
L. sibiricus  2009 N1 2 F 50 136.2 27.0 
L. sibiricus  2009 N1 3 A 53 55.8 12.6 
L. sibiricus  2009 N1 3 B 53 40.7 10.1 
L. sibiricus  2009 N1 3 C 53 49.8 12.0 
L. sibiricus  2009 N1 3 D 53 28.5 5.4 
L. sibiricus  2009 N1 3 E 53 58.7 12.0 
L. sibiricus  2009 N1 3 F 53 63.4 12.9 
L. sibiricus  2009 N2 1 A 44 157.3 27.3 
L. sibiricus  2009 N2 1 B 44 88.3 17.2 
L. sibiricus  2009 N2 1 C 44 161.2 27.7 
L. sibiricus  2009 N2 1 D 44 343.0 55.2 
L. sibiricus  2009 N2 1 E 44 185.2 29.3 
L. sibiricus  2009 N2 1 F 44 240.7 41.3 
L. sibiricus  2009 N2 2 A 60 164.0 31.4 
L. sibiricus  2009 N2 2 B 60 218.3 41.3 
L. sibiricus  2009 N2 2 C 60 147.9 27.5 
L. sibiricus  2009 N2 2 D 60 55.1 9.8 
L. sibiricus  2009 N2 2 E 60 102.4 18.5 
L. sibiricus  2009 N2 2 F 60 141.1 27.0 
L. sibiricus  2009 N2 3 A 61 161.9 27.5 
L. sibiricus  2009 N2 3 B 61 115.1 19.6 
L. sibiricus  2009 N2 3 C 61 69.4 12.6 
L. sibiricus  2009 N2 3 D 61 67.7 11.2 
L. sibiricus  2009 N2 3 E 61 82.3 16.3 
L. sibiricus  2009 N2 3 F 61 114.2 19.9 
L. sibiricus  2009 N3 1 A 54 54.8 10.7 
L. sibiricus  2009 N3 1 B 54 119.4 22.1 
L. sibiricus  2009 N3 1 C 54 68.0 13.0 
L. sibiricus  2009 N3 1 D 54 102.8 18.6 
L. sibiricus  2009 N3 1 E 54 189.6 33.1 
L. sibiricus  2009 N3 1 F 54 196.8 33.0 
L. sibiricus  2009 N3 2 A 62 161.9 27.5 
L. sibiricus  2009 N3 2 B 62 115.1 19.6 
L. sibiricus  2009 N3 2 C 62 69.4 12.6 
L. sibiricus  2009 N3 2 D 62 67.7 11.2 
L. sibiricus  2009 N3 2 E 62 82.3 16.3 
L. sibiricus  2009 N3 2 F 62 114.2 19.9 
L. sibiricus  2009 N3 3 A 71 100.0 19.6 
L. sibiricus  2009 N3 3 B 71 131.4 23.8 
L. sibiricus  2009 N3 3 C 71 168.5 31.1 
L. sibiricus  2009 N3 3 D 71 156.5 27.1 
L. sibiricus  2009 N3 3 E 71 111.9 21.5 
L. sibiricus  2009 N3 3 F 71 118.1 22.1 
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L. sibiricus  2010 N1 1 A 80 147.3 41.2 
L. sibiricus  2010 N1 1 B 80 160.3 36.7 
L. sibiricus  2010 N1 1 C 80 131.9 32.2 
L. sibiricus  2010 N1 1 D 80 211.6 48.7 
L. sibiricus  2010 N1 1 E 80 119.6 26.7 
L. sibiricus  2010 N1 1 F 80 140.0 34.0 
L. sibiricus  2010 N1 2 A 86 258.8 54.5 
L. sibiricus  2010 N1 2 B 86 185.5 40.4 
L. sibiricus  2010 N1 2 C 86 170.6 36.5 
L. sibiricus  2010 N1 2 D 86 196.2 45.7 
L. sibiricus  2010 N1 2 E 86 238.0 48.5 
L. sibiricus  2010 N1 2 F 86 142.2 32.1 
L. sibiricus  2010 N1 3 A 108 82.4 20.9 
L. sibiricus  2010 N1 3 B 108 130.1 32.3 
L. sibiricus  2010 N1 3 C 108 185.4 39.3 
L. sibiricus  2010 N1 3 D 108 112.1 29.1 
L. sibiricus  2010 N1 3 E 108 164.3 41.4 
L. sibiricus  2010 N1 3 F 108 70.4 19.2 
L. sibiricus  2010 N2 1 A 76 268.4 56.6 
L. sibiricus  2010 N2 1 B 76 419.9 92.1 
L. sibiricus  2010 N2 1 C 76 208.5 49.6 
L. sibiricus  2010 N2 1 D 76 234.4 52.4 
L. sibiricus  2010 N2 1 E 76 220.6 52.2 
L. sibiricus  2010 N2 1 F 76 170.5 42.0 
L. sibiricus  2010 N2 2 A 90 136.5 28.3 
L. sibiricus  2010 N2 2 B 90 174.0 36.8 
L. sibiricus  2010 N2 2 C 90 425.6 90.3 
L. sibiricus  2010 N2 2 D 90 436.6 92.0 
L. sibiricus  2010 N2 2 E 90 199.1 47.2 
L. sibiricus  2010 N2 2 F 90 437.2 85.4 
L. sibiricus  2010 N2 3 A 101 303.1 61.8 
L. sibiricus  2010 N2 3 B 101 182.4 42.2 
L. sibiricus  2010 N2 3 C 101 185.6 46.5 
L. sibiricus  2010 N2 3 D 101 213.3 48.8 
L. sibiricus  2010 N2 3 E 101 150.3 35.8 
L. sibiricus  2010 N2 3 F 101 181.6 43.5 
L. sibiricus  2010 N3 1 A 73 317.7 73.1 
L. sibiricus  2010 N3 1 B 73 347.9 65.7 
L. sibiricus  2010 N3 1 C 73 374.7 76.0 
L. sibiricus  2010 N3 1 D 73 375.5 80.2 
L. sibiricus  2010 N3 1 E 73 182.5 41.6 
L. sibiricus  2010 N3 1 F 73 463.4 93.8 
L. sibiricus  2010 N3 2 A 89 227.8 49.4 
L. sibiricus  2010 N3 2 B 89 291.5 62.5 
L. sibiricus  2010 N3 2 C 89 514.5 98.8 
L. sibiricus  2010 N3 2 D 89 672.5 135.1 
L. sibiricus  2010 N3 2 E 89 213.7 47.3 
L. sibiricus  2010 N3 2 F 89 344.0 76.0 
L. sibiricus  2010 N3 3 A 102 247.1 50.5 
  67 
L. sibiricus  2010 N3 3 B 102 271.8 60.1 
L. sibiricus  2010 N3 3 C 102 387.0 79.4 
L. sibiricus  2010 N3 3 D 102 352.6 75.1 
L. sibiricus  2010 N3 3 E 102 429.2 91.5 
L. sibiricus  2010 N3 3 F 102 300.0 61.2 
*N1=0kg/ha, N2=100kg/ha, N3=200kg/ha 
 
 
Table A5. Record of plant growth (height) during 2008 growing season 
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16 A A 0 2.0 3.5 7.0 12.0 17.0 19.0 22.0 cut cut 
16 B A 0 2.5 4.0 7.5 11.5 10.5 19.0 22.0 cut cut 
16 C A 0 2.5 3.5 7.0 11.5 15.5 17.5 21.0 cut cut 
16 D A 0 2.5 4.8 10.0 16.0 20.0 26.0 29.0 cut cut 
16 E A 0 3.0 5.0 8.3 13.5 17.0 22.0 24.0 cut cut 
16 F A 0 3.3 4.8 8.5 12.5 15.5 20.5 24.0 cut cut 
18 A A 0 2.5 5.5 6.0 10.5 15.5 19.0 22.0 cut cut 
18 B A 0 3.3 5.3 9.5 14.5 18.0 22.0 24.0 cut cut 
18 C A 0 2.5 3.8 7.0 12.0 15.0 20.0 23.0 cut cut 
18 D A 0 3.0 5.3 9.5 14.0 17.0 22.5 24.0 cut cut 
18 E A 0 2.8 4.8 10.0 14.0 17.5 23.5 26.0 cut cut 
18 F A 0 3.5 5.0 9.5 14.5 18.0 23.5 26.0 cut cut 
22 A A 0 3.5 5.0 9.5 13.8 17.0 24.0 27.0 cut cut 
22 B A 0 3.5 4.5 10.5 15.5 20.5 27.0 31.0 cut cut 
22 C A 0 3.0 4.3 9.0 14.5 20.0 25.5 29.0 cut cut 
22 D A 0 3.5 5.5 10.5 14.5 18.0 26.0 29.0 cut cut 
22 E A 0 3.3 5.3 10.0 14.3 17.0 21.0 24.0 cut cut 
22 F A 0 4.0 6.0 10.5 14.0 15.0 25.0 24.0 cut cut 
6 A A 100 4.0 8.0 14.0 19.5 23.0 29.0 33.0 cut cut 
6 B A 100 4.8 10.0 16.8 21.0 23.0 27.5 30.0 cut cut 
6 C A 100 3.8 7.0 12.0 15.0 16.5 18.0 20.0 cut cut 
6 D A 100 4.0 7.5 13.0 18.5 20.0 26.0 30.0 cut cut 
6 E A 100 4.0 7.5 13.5 19.0 22.5 25.0 27.0 cut cut 
6 F A 100 3.8 8.0 13.8 19.0 22.0 24.0 25.0 cut cut 
25 A A 100 4.5 7.0 14.5 19.5 x 28.5 33.0 cut cut 
25 B A 100 4.5 9.3 17.5 20.5 x 29.0 34.0 cut cut 
25 C A 100 4.0 8.5 16.0 20.0 x 27.5 32.0 cut cut 
25 D A 100 3.0 6.0 12.8 16.5 x 27.0 32.0 cut cut 
25 E A 100 3.5 6.8 12.8 16.0 x 25.0 29.0 cut cut 
25 F A 100 4.0 7.3 13.8 17.0 x 24.0 26.0 cut cut 
35 A A 100 4.0 7.5 14.0 19.0 x 25.0 29.0 cut cut 
35 B A 100 3.8 7.0 13.0 17.0 x 26.0 29.0 cut cut 
35 C A 100 4.0 8.0 15.5 21.0 x 29.5 32.0 cut cut 
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35 D A 100 2.5 6.3 12.0 16.0 x 24.0 26.0 cut cut 
35 E A 100 4.0 9.0 16.0 21.3 x 29.0 31.0 cut cut 
35 F A 100 3.5 6.5 12.5 18.0 x 27.0 30.0 cut cut 
12 A A 200 4.3 7.0 11.5 17.0 22.0 23.0 26.0 cut cut 
12 B A 200 4.0 8.9 15.0 21.0 25.0 27.5 31.0 cut cut 
12 C A 200 4.5 9.0 15.0 19.5 21.5 25.0 26.0 cut cut 
12 D A 200 4.5 8.8 16.0 21.0 24.5 28.0 31.0 cut cut 
12 E A 200 4.5 8.0 14.0 18.0 21.5 26.0 27.0 cut cut 
12 F A 200 3.5 6.0 12.0 16.8 20.5 24.0 26.0 cut cut 
15 A A 200 3.0 5.5 10.5 15.5 19.0 25.0 26.0 cut cut 
15 B A 200 3.0 5.8 10.5 15.0 18.5 21.5 27.0 cut cut 
15 C A 200 3.0 5.8 12.0 17.0 20.5 24.0 28.0 cut cut 
15 D A 200 2.0 4.3 8.5 13.0 17.0 20.0 20.0 cut cut 
15 E A 200 3.0 6.3 11.5 16.0 19.0 26.0 23.0 cut cut 
15 F A 200 3.8 6.8 13.0 18.0 22.0 26.0 26.0 cut cut 
19 A A 200 3.8 7.5 13.0 19.8 23.0 26.5 30.0 cut cut 
19 B A 200 4.0 7.8 12.5 17.0 19.5 24.0 27.0 cut cut 
19 C A 200 3.5 7.0 12.8 20.0 23.0 25.0 28.0 cut cut 
19 D A 200 3.5 6.3 11.0 16.0 19.5 23.5 24.0 cut cut 
19 E A 200 4.0 7.3 11.0 14.0 18.5 23.0 27.0 cut cut 
19 F A 200 4.0 7.5 13.3 18.3 23.0 28* 33.0 cut cut 
4 A B 0 1.0 2.0 4.0 x x x x x x 
4 B B 0 1.5 1.5 3.7 4.0 4.0 6.5 5.5 6.0 4.0 
4 C B 0 1.3 0.8 4.0 4.3 4.5 6.5 6.0 8.0 7.0 
4 D B 0 1.8 2.0 3.3 4.0 4.5 7.5 7.0 7.0 9.0 
4 E B 0 0.8 2.3 4.0 6.0 5.0 6.0 6.0 7.0 7.0 
4 F B 0 1.8 1.8 2.0 2.5 3.5 6.5 5.0 5.0 7.0 
5 A B 0 1.5 1.0 3.0 x x x 6.0 7.0 8.0 
5 B B 0 1.5 1.5 2.5 2.0 3.0 5.5 6.0 7.0 7.0 
5 C B 0 2.0 1.8 2.5 5.0 4.5 8.0 x x x 
5 D B 0 2.5 1.8 4.0 x x x 7.0 7.0 8.0 
5 E B 0 2.5 2.0 3.0 3.5 3.0 6.5 6.0 7.0 7.0 
5 F B 0 1.8 1.5 2.3 4.5 5.0 7.0 x x x 
21 A B 0 2.0 2.3 3.0 4.3 5.4 8.5 8.0 7.0 7.0 
21 B B 0 1.5 2.0 3.0 3.8 4.8 7.0 6.0 8.0 7.0 
21 C B 0 1.8 2.0 3.3 4.0 8.0 7.5 7.0 7.0 8.0 
21 D B 0 2.0 1.5 2.5 4.0 4.0 7.0 8.0 7.0 8.0 
21 E B 0 2.0 1.5 3.0 4.5 4.5 7.5 7.0 7.0 7.0 
21 F B 0 1.0 2.0 3.5 4.0 4.5 7.0 7.0 8.0 8.0 
17 A B 100 2.5 2.5 4.0 4.0 4.5 6.0 7.0 6.0 7.0 
17 B B 100 1.5 1.5 2.5 4.8 5.0 6.0 6.0 8.0 7.0 
17 C B 100 2.5 2.0 3.0 4.0 4.0 6.0 7.0 8.0 9.0 
17 D B 100 2.5 2.5 4.5 4.5 5.0 7.0 8.0 8.0 8.0 
17 E B 100 2.0 2.3 3.0 4.3 4.0 7.0 8.0 8.0 9.0 
17 F B 100 2.5 2.5 3.5 4.5 5.5 7.0 8.0 9.0 10.0 
27 A B 100 1.8 1.5 4.5 5.0 x 11.0 7.0 8.0 7.0 
27 B B 100 2.0 2.3 5.0 4.0 x 7.5 8.0 8.0 8.0 
27 C B 100 1.0 3.0 3.3 3.3 x 6.5 6.0 7.0 8.0 
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27 D B 100 2.0 2.0 4.0 5.5 x 8.0 8.0 8.0 9.0 
27 E B 100 2.8 2.0 5.0 6.3 x 8.5 8.0 10.0 9.0 
27 F B 100 1.5 2.5 5.0 4.5 x 7.5 7.0 8.0 7.0 
33 A B 100 1.5 2.0 4.0 5.5 x 9.5 11.0 9.0 10.0 
33 B B 100 1.5 1.5 4.0 4.5 x 7.5 9.0 9.0 10.0 
33 C B 100 2.0 2.5 5.0 5.5 x 7.0 10.0 10.0 10.0 
33 D B 100 2.0 2.0 3.5 4.0 x 7.0 7.0 7.0 7.0 
33 E B 100 2.0 2.0 4.0 5.0 x 7.5 8.0 7.0 10.0 
33 F B 100 2.0 2.0 4.5 5.0 x 8.0 8.0 8.0 8.0 
11 A B 200 1.5 1.5 3.0 3.0 4.5 6.5 7.0 7.0 8.0 
11 B B 200 2.3 1.8 4.0 6.0 6.5 7.5 10.0 10.0 10.0 
11 C B 200 2.0 2.5 3.0 5.3 5.0 8.0 9.0 9.0 11.0 
11 D B 200 2.0 2.0 3.0 4.0 3.5 6.0 6.5 8.0 8.0 
11 E B 200 2.5 2.5 3.8 4.5 5.0 8.0 9.0 9.0 10.0 
11 F B 200 2.0 2.5 3.5 5.0 5.0 8.0 9.5 10.0 12.0 
28 A B 200 2.5 2.0 5.0 4.5 x 8.0 12.0 9.0 11.0 
28 B B 200 2.8 1.5 4.5 5.8 x 7.5 8.0 9.0 10.0 
28 C B 200 2.0 2.0 3.5 4.3 x 7.0 8.0 7.0 7.0 
28 D B 200 3.0 2.0 5.0 6.0 x 8.5 10.0 9.0 12.0 
28 E B 200 2.8 2.5 5.0 4.0 x 8.0 10.0 8.0 9.0 
28 F B 200 2.5 2.0 4.0 5.5 x 8.0 8.0 10.0 9.0 
29 A B 200 2.0 1.5 4.0 4.0 x 7.5 8.0 7.0 8.0 
29 B B 200 2.5 1.5 4.0 6.0 x 7.5 9.0 9.0 9.0 
29 C B 200 2.0 1.5 4.0 5.5 x 7.5 8.0 7.0 8.0 
29 D B 200 2.5 1.5 5.0 4.5 x 8.5 9.0 9.0 8.0 
29 E B 200 2.5 2.0 4.0 4.5 x 8.0 9.0 8.0 9.0 
29 F B 200 2.0 2.0 4.0 5.5 x 8.5 8.0 9.0 9.0 
2 A H 0 1.5 3.0 5.0 6.0 8.5 9.0 8.5 9.0 12.0 
2 B H 0 2.8 3.5 5.5 6.0 8.5 9.0 9.0 10.0 12.0 
2 C H 0 2.3 3.3 3.5 5.5 8.0 10.0 9.0 11.0 13.0 
2 D H 0 1.3 3.5 6.0 6.0 8.0 10.0 9.0 11.0 11.0 
2 E H 0 2.3 3.0 6.0 7.0 8.5 9.0 10.0 9.0 10.0 
2 F H 0 1.0 2.5 4.0 6.0 7.5 9.0 11.0 10.0 12.0 
9 A H 0 2.5 2.8 5.0 6.0 6.5 9.0 9.0 9.0 8.0 
9 B H 0 1.5 2.5 4.5 6.3 7.0 8.5 8.0 9.0 8.0 
9 C H 0 1.5 3.0 4.5 6.0 7.0 8.5 9.0 10.0 10.0 
9 D H 0 2.0 3.3 7.0 6.0 7.0 8.5 8.0 9.0 10.0 
9 E H 0 1.5 2.8 5.0 6.3 9.0 8.5 9.0 9.0 10.0 
9 F H 0 2.0 2.5 4.8 6.3 6.5 8.5 8.0 8.0 8.0 
31 A H 0 1.8 2.0 4.5 6.5 x 8.5 10.0 11.0 10.0 
31 B H 0 1.0 1.5 4.0 6.0 x 8.0 8.0 8.0 8.0 
31 C H 0 2.0 2.5 4.5 6.3 x 7.0 8.0 10.0 10.0 
31 D H 0 1.8 3.0 5.0 7.0 x 9.0 9.0 9.0 10.0 
31 E H 0 2.0 2.5 5.0 7.0 x 9.0 10.0 9.0 10.0 
31 F H 0 1.5 2.5 5.5 7.8 x 10.0 10.0 11.0 11.0 
13 A H 100 2.0 3.0 5.0 7.0 8.5 8.5 10.0 10.0 10.0 
13 B H 100 2.9 3.5 5.0 8.3 10.0 11.0 12.0 12.0 13.0 
13 C H 100 2.0 4.0 5.5 8.5 10.0 12.0 12.0 13.0 12.0 
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13 D H 100 2.5 4.0 5.5 8.5 9.0 10.0 9.0 11.0 12.0 
13 E H 100 2.5 4.0 5.5 8.5 11.5 10.5 10.0 11.0 14.0 
13 F H 100 2.3 3.9 8.0 6.5 8.0 9.0 11.0 11.0 12.0 
20 A H 100 3.0 3.5 6.0 8.5 7.0 10.0 10.0 10.0 12.0 
20 B H 100 3.0 3.5 5.8 8.5 11.0 11.0 12.0 12.0 13.0 
20 C H 100 3.0 4.0 6.0 8.5 9.0 11.0 12.0 13.0 13.0 
20 D H 100 2.5 3.5 5.5 8.5 11.0 12.0 12.0 12.0 13.0 
20 E H 100 2.5 4.0 6.0 9.0 10.5 10.5 12.0 10.0 12.0 
20 F H 100 2.0 2.0 4.5 7.0 7.0 9.5 10.0 11.0 11.0 
23 A H 100 1.5 3.5 6.5 8.0 17.0 11.0 14.0 11.0 12.0 
23 B H 100 2.5 3.3 5.5 8.0 24.0 9.5 10.0 13.0 13.0 
23 C H 100 2.5 4.0 5.0 7.0 20.0 10.0 10.0 11.0 11.0 
23 D H 100 2.0 4.0 4.5 7.3 22.0 11.0 12.0 11.0 12.0 
23 E H 100 2.5 4.0 5.5 8.3 20.0 10.5 11.0 10.0 11.0 
23 F H 100 2.5 4.0 6.3 9.5 20.0 12.0 12.0 13.0 16.0 
14 A H 200 3.0 5.5 7.0 8.5 10.0 11.5 13.0 14.0 12.0 
14 B H 200 2.0 4.0 5.0 7.5 7.5 11.5 10.0 13.0 12.0 
14 C H 200 2.8 5.5 6.0 8.0 8.5 10.0 11.0 11.0 13.0 
14 D H 200 2.5 4.5 5.3 7.0 8.0 11.0 14.0 13.0 12.0 
14 E H 200 2.5 3.5 5.5 8.0 8.5 11.0 12.0 11.0 12.0 
14 F H 200 2.0 4.0 5.0 7.0 7.0 10.5 11.0 12.0 12.0 
30 A H 200 2.5 4.0 5.5 8.5 x 10.5 10.0 13.0 13.0 
30 B H 200 2.0 4.3 5.0 8.0 x 11.0 12.0 13.0 12.0 
30 C H 200 2.5 4.0 6.3 7.5 x 10.0 11.0 11.0 13.0 
30 D H 200 2.5 4.0 5.5 7.3 x 11.0 12.0 12.0 12.0 
30 E H 200 2.8 4.0 6.0 7.3 x 10.5 10.0 10.0 12.0 
30 F H 200 2.5 4.3 5.5 7.5 x 9.0 10.0 12.0 12.0 
34 A H 200 3.5 3.5 5.5 8.5 x 11.5 11.0 13.0 13.0 
34 B H 200 3.0 4.3 6.5 7.0 x 11.0 12.0 12.0 14.0 
34 C H 200 3.3 4.0 6.5 8.0 x 12.0 14.0 14.0 16.0 
34 D H 200 2.0 4.0 6.0 7.5 x 11.0 13.0 14.0 14.0 
34 E H 200 3.0 5.0 7.0 9.0 x 13.5 15.0 14.0 14.0 
34 F H 200 2.5 3.5 6.5 8.5 x 12.0 11.0 14.0 12.0 
7 A S 0 2.0 4.0 7.0 11.0 14.0 21.0 29.0 37.0 43.0 
7 B S 0 2.5 4.5 7.5 12.0 16.0 23.5 32.0 42.0 47.0 
7 C S 0 3.5 5.5 9.8 13.0 18.5 24.5 33.0 42.0 47.0 
7 D S 0 3.5 5.0 8.0 12.0 16.5 23.0 31.0 39.0 46.0 
7 E S 0 3.0 4.8 8.5 13.3 19.0 25.0 33.0 41.0 47.0 
7 F S 0 4.0 6.0 10.0 14.0 19.0 25.5 33.0 41.0 46.0 
26 A S 0 3.3 4.5 8.0 11.0  x 22.0 30.0 38.0 45.0 
26 B S 0 2.8 3.5 6.0 9.0 x 20.0 28.0 36.0 43.0 
26 C S 0 3.0 4.5 8.0 10.5 x 20.0 27.0 35.0 42.0 
26 D S 0 3.5 5.5 10.5 13.0 x 26.0 34.0 42.0 49.0 
26 E S 0 3.5 5.5 10.3 13.8 x 25.5 34.0 41.0 49.0 
26 F S 0 3.8 6.3 11.0 14.0 x 26.0 35.0 43.0 51.0 
36 A S 0 3.0 5.3 9.5 14.0 x 26.0 34.0 41.0 48.0 
36 B S 0 2.8 5.3 9.0 13.5 x 25.0 34.0 40.0 41.0 
36 C S 0 4.0 6.5 11.5 16.0 x 27.5 34.0 41.0 47.0 
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36 D S 0 3.0 4.0 8.5 11.0 x 25.0 31.0 40.0 46.0 
36 E S 0 3.3 5.5 10.5 13.0 x 25.0 31.0 48.0 44.0 
36 F S 0 3.5 7.5 12.0 14.5 x 27.0 34.0 43.0 48.0 
3 A S 100 3.8 6.5 12.0 15.0 19.0 21.5 25.0 31.0 34.0 
3 B S 100 x x x x x x x x x 
3 C S 100 4.0 6.5 11.5 15.5 20.0 27.0 34.0 42.0 47.0 
3 D S 100 3.8 4.3 8.5 13.8 18.5 26.5 34.0 40.0 44.0 
3 E S 100 4.3 7.0 12.0 17.0 22.0 28.5 37.0 44.0 49.0 
3 F S 100 4.0 6.0 8.5 14.0 19.5 24.0 32.0 40.0 45.0 
24 A S 100 2.5 4.0 6.8 11.0 11.0 24.0 31.0 41.0 46.0 
24 B S 100 4.5 7.5 11.3 18.0 24.0 30.5 40.0 45.0 48.0 
24 C S 100 4.0 6.3 11.5 15.5 20.0 28.0 34.0 41.0 45.0 
24 D S 100 3.3 6.0 10.8 16.0 22.0 27.0 33.0 34.0 38.0 
24 E S 100 3.5 5.8 10.0 15.5 20.0 27.0 35.0 42.0 45.0 
24 F S 100 3.5 5.5 9.5 14.0 20.0 25.5 34.0 42.0 44.0 
32 A S 100 3.5 7.0 12.5 16.0 x 28.0 35.0 43.0 46.0 
32 B S 100 3.8 7.5 13.0 17.5 x 27.0 32.0 34.0 33.0 
32 C S 100 4.5 7.8 14.0 18.5 x 29.0 36.0 41.0 47.0 
32 D S 100 4.0 7.3 13.3 19.0 x 31.0 39.0 45.0 52.0 
32 E S 100 4.5 7.5 12.5 16.0 x 26.5 33.0 38.0 38.0 
32 F S 100 4.3 7.5 13.8 17.0 x 29.0 37.0 43.0 47.0 
1 A S 200 2.8 3.3 4.0 5.5 9.0 15.0 21.0 29.0 33.0 
1 B S 200 3.0 4.3 7.5 10.5 15.0 22.0 29.0 37.0 31.0 
1 C S 200 2.5 4.8 7.8 10.0 14.0 19.0 24.0 32.0 40.0 
1 D S 200 3.8 7.0 12.0 16.0 21.0 27.5 35.0 43.0 43.0 
1 E S 200 3.3 6.5 10.8 14.0 18.5 23.0 33.0 39.0 47.0 
1 F S 200 3.3 6.3 10.8 16.0 22.0 25.5 28.0 23.0 x 
8 A S 200 2.5 4.0 7.5 12.3 18.0 23.5 32.0 38.0 41.0 
8 B S 200 4.0 6.0 10.0 14.5 20.0 27.0 34.0 31.0 45.0 
8 C S 200 4.0 7.0 12.0 17.5 23.0 28.0 33.0 45.0 37.0 
8 D S 200 4.0 7.0 4.5 15.5 22.0 26.5 35.0 42.0 50.0 
8 E S 200 3.0 5.5 10.0 15.0 21.0 26.5 36.0 44.0 45.0 
8 F S 200 3.3 5.5 9.8 16.0 21.0 27.0 33.0 41.0 48.0 
10 A S 200 4.0 6.3 10.0 16.5 23.0 29.0 34.0 42.0 46.0 
10 B S 200 4.8 7.0 12.0 16.5 22.0 28.0 34.0 42.0 46.0 
10 C S 200 3.8 7.3 12.5 16.0 19.0 27.0 33.0 40.0 42.0 
10 D S 200 4.0 7.5 12.0 17.5 23.0 29.0 36.0 40.0 46.0 
10 E S 200 4.0 4.5 8.5 14.0 19.0 25.5 33.0 38.0 44.0 
10 F S 200 3.8 5.5 9.5 13.8 19.0 26.5 33.0 40.0 43.0 
* A = Agastache rugosa, B = Leonurus sibiricus, H= Leonurus japonicus, S= Schizonepeta tenuifolia  
Note: some measurements increase one week and decrease the following week.  This is believed to be due 
to technician error in measurement or recording of plant height.   
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Table B1. A. rugosa essential oil measurements  
Plot 
number 
Nitrogen 
level 
(kg/ha) 
Year of 
cultivation 
Drying 
location 
(oven 
drier or 
green 
house) 
Plant 
location 
in plot 
Oil 
weight 
(g) 
Percent oil 
weight  
38 N200 2009 drier B,C,E 0.337 0.674 
38 N200 2009 green A,D,F 0.522 1.044 
40 N0 2009 drier A,B,E 0.273 0.546 
40 N0 2009 green C,D,F 0.609 1.218 
58 N200 2009 drier A,D,F 0.234 0.468 
58 N200 2009 green B,C,E 0.509 1.018 
59 N0 2009 drier C,E,F 0.304 0.608 
59 N0 2009 green A,B,D 0.583 1.166 
64 N100 2009 drier A,D,E 0.505 1.010 
64 N100 2009 green B,C,F 0.298 0.596 
66 N100 2009 drier A,E,F 0.290 0.580 
66 N100 2009 green B,C,D 0.788 1.576 
67 N200 2009 drier B,C,E 0.408 0.816 
67 N200 2009 green A,D,F 0.469 0.938 
68 N0 2009 drier A,B,E 0.282 0.564 
68 N0 2009 green C,D,F 0.632 1.264 
69 N100 2009 drier B,C,E 0.250 0.500 
69 N100 2009 green A,D,F 0.510 1.020 
75 N200 2010 drier A,D,F 0.725 1.450 
75 N200 2010 green B,C,E 0.628 1.256 
77 N0 2010 drier A,D,F 0.640 1.280 
77 N0 2010 green B,C,E 0.919 1.838 
78 N100 2010 drier C,D,F 0.695 1.390 
78 N100 2010 green A,B,E 0.740 1.480 
87 N100 2010 drier A,B,E 0.613 1.226 
87 N100 2010 green C,D,F 0.831 1.662 
88 N200 2010 drier D,E,F 0.580 1.160 
88 N200 2010 green A,B,C 0.838 1.676 
95 N0 2010 drier B,D,F 0.520 1.040 
95 N0 2010 green A,C,E 0.793 1.586 
98 N0 2010 drier B,C,E 0.465 0.930 
98 N0 2010 green A,D,F 0.514 1.028 
106 N200 2010 drier A,D,F 0.848 1.696 
106 N200 2010 green C,E 0.808 1.616 
107 N100 2010 drier C,D,E 0.819 1.638 
  73 
107 N100 2010 green A,B,F 0.821 1.642 
 
Table B2. S. tenuifolia essential oil measurements  
Plot 
number 
Nitrogen 
level 
(kg/ha) 
Year of 
cultivation 
Drying 
location 
(oven 
drier or 
green 
house) 
Plant 
location 
in plot 
Oil 
weight 
(g) 
Percent 
oil 
weight 
39 N0 2009 drier A,C,E 1.029 2.058 
39 N0 2009 green B,D,F 1.085 2.170 
42 N200 2009 drier B,D,E 0.786 1.572 
42 N200 2009 green A,C,F 0.965 1.930 
43 N100 2009 drier A,B,C 1.002 2.004 
43 I N100 2009 green D,E,F 0.956 1.913 
45 N200 2009 drier C,D,F 1.029 2.058 
45 N200 2009 green A,B,E 1.063 2.126 
51 N200 2009 drier B,E,F 0.951 1.902 
51 N200 2009 green A,C,D 0.959 1.918 
56 N0 2009 drier B,E,F 1.149 2.298 
56 N0 2009 green A,C,D 1.078 2.156 
57 N100 2009 drier B,C,F 0.868 1.736 
57 N100 2009 green A,D,E 0.948 1.896 
63 N100 2009 drier A,C,E 0.826 1.652 
63 N100 2009 green B,D,F 0.856 1.712 
70 N0 2009 drier B,D,E 1.010 2.026 
70 N0 2009 green A,C,F 1.177 2.354 
74 N0 2010 drier A,B,D 1.593 3.186 
74 N0 2010 green C,E,F 1.637 3.274 
79 N200 2010 drier C,E,F 1.343 2.686 
79 N200 2010 green A,B,D 1.430 2.860 
82 N100 2010 drier A,D,E 1.467 2.934 
82 N100 2010 green B,C,F 1.686 3.372 
92 N200 2010 drier A,C,D 1.655 3.310 
92 N200 2010 green B,E,F 1.282 2.564 
93 N100 2010 drier A,D,E 1.699 3.398 
93 N100 2010 green B,C,F 1.566 3.132 
96 N0 2010 drier A,D,E 1.502 3.004 
96 N0 2010 green B,C,F 1.404 2.808 
97 N0 2010 drier A,C,F 1.647 3.294 
97 N0 2010 green B,D,E 1.828 3.656 
103 N200 2010 drier B,E,F 1.727 3.454 
103 N200 2010 green A,C,D 1.641 3.282 
105 N100 2010 drier A,C,E 1.328 2.656 
105 N100 2010 green B,D,F 1.579 3.158 
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Table B3. A. rugosa essential oil content at different drying temperatures 
Drying 
temperature (ºC) Rep 
Oil 
weight 
(g) 
Percent 
oil 
weight 
Fresh* I 0.701 3.401 
Fresh* II 0.553 2.685 
Frz dry I 1.616 1.616 
Frz dry II 1.404 1.404 
38 I 1.660 1.660 
38 II 1.304 1.304 
49 I 1.564 1.564 
49 II 1.236 1.236 
60 I 1.112 1.112 
60 II 0.854 0.854 
71 I 0.550 0.550 
71 II 0.614 0.614 
*A fresh to dry weight ratio of 4.85 was used to calculate the estimated dry weight of the 
120 g of fresh material distilled. A sample size of 50g was used for all other samples.  
 
Table B4. S. tenuifolia essential oil content at different drying temperatures 
Drying 
temperature (ºC) Rep 
Oil weight 
(g) 
Percent 
oil 
weight 
Fresh* I 0.91 0.758 
Fresh* II 0.86 0.717 
Frz dry I 1.067 2.134 
Frz dry II 0.861 1.722 
38 I 0.917 1.834 
38 II 0.894 1.788 
49 I 1.052 2.103 
49 II 1.008 2.106 
60 I 0.73 1.46 
60 II 0.751 1.502 
71 I 0.328 0.656 
71 II 0.474 0.948 
Commercial A I 0.901 1.802 
Commercial A II 0.903 1.806 
Commercial B I 1.083 2.166 
Commercial B II 1.044 2.088 
 *A fresh to dry weight ratio of 3.267 was used to calculate the estimated dry weight of 
the 120 g of fresh material distilled. A sample size of 50g was used for all other samples.  
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Table C1.  HPLC results on leonurine concentration  
Plot number  
Nitrogen 
level* Species** 
Sample 
rep 
Leonurine 
(mg/L) 
73 N3 S 1 3.127 
73 N3 S 2 3.118 
73 N3 S 3 3.120 
76 N2 S 1 2.686 
76 N2 S 2 2.675 
76 N2 S 3 2.743 
80 N1 S 1 1.719 
80 N1 S 2 1.706 
80 N1 S 3 1.726 
86 N1 S 1 2.152 
86 N1 S 2 2.139 
86 N1 S 3 2.175 
89 N3 S 1 2.962 
89 N3 S 2 2.994 
89 N3 S 3 2.973 
90 N2 S 1 2.516 
90 N2 S 2 2.479 
90 N2 S 3 2.501 
101 N2 S 1 2.714 
101 N2 S 2 2.701 
101 N2 S 3 2.695 
102 N3 S 1 3.543 
102 N3 S 2 3.547 
102 N3 S 3 3.527 
108 N1 S 1 1.179 
108 N1 S 2 1.185 
108 N1 S 3 1.189 
81 N1 H 1 1.292 
81 N1 H 2 1.292 
81 N1 H 3 1.291 
83 N3 H 1 3.007 
83 N3 H 2 3.011 
83 N3 H 3 3.017 
84 N2 H 1 1.737 
84 N2 H 2 1.745 
84 N2 H 3 1.720 
85 N2 H 1 1.252 
85 N2 H 2 1.263 
85 N2 H 3 1.264 
  76 
91 N1 H 1 0.964 
91 N1 H 2 0.971 
91 N1 H 3 0.967 
94 N3 H 1 2.631 
94 N3 H 2 2.631 
94 N3 H 3 2.581 
99 N2 H 1 2.134 
99 N2 H 2 2.134 
99 N2 H 3 2.144 
100 N1 H 1 0.918 
100 N1 H 2 0.922 
100 N1 H 3 0.921 
104 N3 H 1 2.981 
104 N3 H 2 2.956 
104 N3 H 3 2.975 
Commercial A   U 1 3.246 
Commercial A   U 2 3.232 
Commercial A   U 3 3.262 
Commercial B   U 1 3.230 
Commercial B   U 2 3.235 
Commercial B   U 3 3.224 
* Nitrogen level: N1=0kg/ha, N2=100kg/ha, N3=200kg/ha 
** Species: S= L. sibiricus, H= L. japonicus, U= unknown (commercial sample) 
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HPLC chromatograms of all samples analyzed for leonurine 
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